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GENERAL STATEMENT 


The present issue of the Journal of 
Geology presents two classes of papers: 
those recording studies made in the arctic 
and those describing and interpreting 
phenomena in areas of temperate climate 
formed by processes now current in arctic 
areas. Thus the papers present two as- 
pects of cryopedology or the study of the 
effect of frozen ground and intensive 
frost-action. 

It is gratifying to be asked by the 
Editor of the Journal to write this intro- 
duction, but it is still more pleasant to 
recall that I have been in the confidence 
of many of the authors and have spent 
with them happy hours in the field and 
in the laboratory. 


THE STUDY OF INTENSIVE 
FROST-ACTION 


The breakup of rocks by the freezing 
and consequent expansion of water in 
cracks is commonplace in the temperate 
climate of northwestern Europe and 
northeastern North America. Our geolog- 
ic textbooks devote a paragraph or two 
to the process. Engineers recognize that 
resistence to the process is a necessity for 
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good building stone and that frost is 
deleterious to concrete. In the arctic and 
in high mountains the process is much 
accelerated and for practical purposes 
the breakup of rocks is almost entirely by 
congelifraction. However, we lack de- 
tailed knowledge, although there seems 
to be some reason for believing that the 
silt size is the lower limit of comminution 
of rock. This broad generalization has 
not yet been confirmed by adequate ob- 
servation, and we have as yet little infor- 
mation on the rate of rock destruction. 

The prime feature of the arctic is the 
existence of perennially frozen ground 
(“‘pergelisol’”’). The character, thickness, 
and extent of pergelisol are still the sub- 
ject of study. It is, however, evident, as 
shown by studies in the region of Pet- 
samo (Aario, 1943) and also by some of 
the present papers, that this phenome- 
non was more extensive in the past than 
it is at present. Further, the area of 
pergelisol is greater at present than it 
was in the postglacial warm period. Thus 
the formation of pergelisol, or “per- 
gelation,” and the decay of pergelisol, or 
“de-pergelation,” are of prime impor- 
tance in any study of arctic phenomena. 

The existence of frozen ground largely 
prevents infiltration of water into the 
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underground, and hence water at the 
surface is ubiquitous in the melting 
season. Thus the arctic, in spite of a low 
precipitation and relatively large evapo- 
ration, has in summer much wet and 
soggy ground. The zone of annual melt- 
ing, the “mollisol” or active layer, is the 
zone in which movement of the surface 
material occurs. The character of this 
movement appears to depend on the 
available water, the grain size, the sur- 
face gradient, and the vegetation. Studies 
of present-day “soil structures’ and 
movements will define these interrela- 
tionships. Further, the study of intensi- 
fications in the past, such as those here 
described by Wahrhaftig, provide a com- 
parison leading to interpretation of the 
severity and duration of the colder cli- 
mates of the past within the unglaciated 
portions of the arctic. 

If, even in the arctic, fluctuations in 
the area and thickness of perennially 
frozen ground have occurred, one won- 
ders whether the numerous lakes and 
ponds which appear to be due to melting 
of the pergelisol are the result of local 
conditions, such as the growth and more 
or less accidental destruction of the vege- 
tation cover, or to de-pergelation. It 
seems probable that the well-known re- 
treat of Alaskan glaciers is due to a re- 
cent amelioration of climate. If so, this 
amelioration may at the moment be in- 
ducing a state of de-pergelation that af- 
fects present-day surface features and 
induces the formation of lake basins by 
melting of ice in the ground. 


THE PERIGLACIAL CLIMATE 


That certain surface deposits consist- 
ing of rubbles of various types could not 
have reached their present place by any 
process now in action was recognized 
more than one hundred years ago. In 
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England, Godwin-Austin (1840) and 
Fisher (1866) correctly attributed these 
materials to intensive frost-action in the 
past. In 1896 Blankenhorn, on the basis 
of English studies, attacked the same 
problem in Germany. But the main out- 
burst of interest followed the excursion 
of the International Geological Congress 
to Spitzenbergen in 1910, led by B. Hég- 
bom. Hégbom’s great paper of 1914 and 
numerous papers by German authors of 
1912 and in following years by Euro- 
peans in general have built a great ac- 
cumulation of data on the character and 
distribution of deposits in temperate 
Europe attributed to intensive frost-ac- 
tion in the past. 

Lozinski (1909) introduced the term 
“periglacial” for (1) the area adjacent to 
the border of the Pleistocene ice sheets; 
(2) the climate characteristic of this area; 
and (3), by extension, the phenomena in- 
duced by this climate even if located out- 
side the main periglacial zone. Lozinski 
realized that, however low the mean tem- 
perature at the ice front, the climate in 
the latitude of Germany or any other 
now temperate region could not be truly 
arctic because of the difference in posi- 
tion of the sun. Troll (1947) suggests that 
the zone of perennial snow be called the 
“nival climate” and that the zone of in- 
tensive frost-action be called the “sub- 
gelid climate” (“below the ice” or firn- 
line). In the arctic and presumably dur- 
ing the ice advances of the Pleistocene in 
temperate regions, the zone of frost-ac- 
tion is marked by pergelisol. But Troll 
holds that in many mountain areas there 
is no pergelisol, only diurnally or annual- 
ly frozen ground. 

The position of the lower limit of the 
subgelid climate conforms to that of the 
lower limit of the snow-line. It rises along 
a meridian from sea-level to a high point 
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in the subtropic arid belt and falls in ele- 
vation near the equator. It rises inland 
from the western side of continents and 
has many irregularities in elevation by 
reason of orographic relations. Further- 
more, the intensity of frost-action is af- 
fected not only by climate but by 
edaphic relations. 

Whether it is worth while to distin- 
guish the climate with the name “sub- 
gelid” is questionable. After all, during 
the Pleistocene, the large part of the area 
involved lay south of and bordering the 
ice sheets and was literally periglacial. In 
mountain regions of all latitudes the zone 
lies below the snow-line or firn-line and 
hence, from an areal standpoint, sur- 
rounds the mountain glaciers and is thus 
periglacial. 

The amount and intensity of frost-ac- 
tion depends on climatic factors, and in 
the world-wide lowering of temperature 
during the Pleistocene the periglacial 
zone was much expanded. 

The winter season may have had con- 
tinuous temperatures below freezing but 
was probably not so long as the present 
arctic winter. The fall and spring transi- 
tions were probably marked by more 
numerous fluctuations from cold to 
warm, i.e., ‘‘crossings of the frost line.” 
The summer season probably had warm- 
er periods than any characteristic of the 
present arctic summer but may easily 
have had cold periods much below 
freezing. Thus frost-action may have 
been much more intense in the periglacial 
zone than in most of the present arctic. 
Renewed study of the arctic will presum- 
ably define the possibilities and will 
make much surer our interpretation ol 
the character of the periglacial zone. 

The extent of the periglacial climate is 
one of the problems of the future. As 
Troll (1947) points out, the world-wide 
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lowering of snow-line during each cold 
stage of the Pleistocene must have pro- 
duced a lowering similar, but not neces- 
sarily equal, to the lowering of the zone 
of intensive frost-action. We must then 
consider the amount of modification of 
the Tertiary topography by frost-action, 
i.e., by cryoplanation. How great is this 
modification? To what extent does recur- 
rent cryoplanation during the Pleisto- 
cene invalidate some of our previous 
analyses of land forms in areas south of 
the continental ice sheets and in moun- 
tainous areas whose higher peaks bore 
glaciers during the Pleistocene? 

Studies of ancient frost-action in tem- 
perate areas and of the wind systems of 
the Pleistocene in similar areas, such as 
are published in this series of papers, 
furnish data on the periglacial climate. 
They mark a step forward in the defini- 
tion of its area and intensity. Thus they 
furnish a beginning on which amore com- 
plete interpretation of the periglacial 
climate can eventually be made. With 
this interpretation, some of our general 
geomorphological problems will be closer 
to solution. The present interest in the 
development of mountain and hill slopes 
promises to fill a gap in geomorphologic 
analysis. We must, however, be sure that 
in our study of slopes the fluctuations of 
Pleistocene climate are considered. Are 
the present-day processes solely respon- 
sible for existing slopes? Or are existing 
slopes residual from the processes of a 
past periglacial climate? 

Analysis of the processes of weathering 
is also involved. As shown herewith by 
Schafer, the present soil in central Mon- 
tana has developed on a mass of material 
contorted by congeliturbation. Part of 
this mass is an ancient soil. In places the 
present soil is developed on materials of 
the ancient soil and is therefore poly- 
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genetic. The recognition of the polygene- 
sis of many soils is proceeding rapidly 
(Nikiforoff, 1948). In this field of effort, 
studies similar to those set forth in this 


group of papers have a very large impor- 
tance. The detailed studies of soil scien- 
tists will also add a precision that should 
be welcome to geomorphologists. 
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ORIENTED LAKES OF NORTHERN ALASKA’ 


ROBERT F. BLACK AND WILLIAM L. BARKSDALE 
United States Geological Survey 


ABSTRACT 


The oriented lakes of northern Alaska occur in an area of more than 25,000 square miles in the Arctic 
Coastal Plain Province. The topography, drainage, vegetation, climate, geology, and permafrost of the area 
are briefly described. The average range of orientation of the lakes is 12°—from N. 9° W. to N. 21° W. In any 
locality the deviation from the average is commonly less than 3° and rarely over 5°. The lakes range in size 
from small ponds, a few tens of feet in length, to large lakes more than 9 miles long and 3 miles wide. The 
shapes may be described as elliptical, cigar-shaped, rectangular, ovoid, triangular, irregular, or compound, 
One group of lakes has a shallow shelf or underwater bench surrounding a deeper central portion. The rest are 
shallow throughout, and the underwater profile is commonly concave. The major outline of the lakes is 
smoothly curved, but in detail it is cuspate or jagged. No lacustrine beach ridges were recognized. Former 
lake basins, now drained, and extensions of the present lakes are evidenced by shore features, lacustrine 
deposits, the character of polygonal ground, and vegetation. The effect of wind, vegetation, and permafrost 
are briefly described. The lakes are compared with the Carolina Bays and with rectangular lakes in eastern 
U.S.S.R. Many of the lakes are believed to be the result of thawing of permafrost; others may be produced 


by the segmentation of uplifted lagoons. The origin of some is not known. 


INTRODUCTION 
GENERAL STATEMENT 


The oriented lakes of northern Alaska 
occur in a remote and sparsely inhabited 
area of more than 25,000 square miles 
adjacent to the Arctic Ocean (fig. 1 and 
pl. 1, A). The origin of the thousands 
of lakes has aroused the curiosity of most 
men traveling on the Arctic slope; how- 
ever, few systematic data have been col- 
lected regarding their origin or their re- 
markable parallelism. The areal extent 
and orientation of the lakes probably has 
been recognized only since observations 
could be made by air or from aerial 
photographs. 


METHOD OF INVESTIGATION 


The oriented lakes first came to the 
attention of the senior author, R. F. 
Black, during the summer of 1945. In the 
summer of 1946, in connection with the 
permafrost investigations of the United 
States Geological Survey, W. L. Barks- 


‘ Published by permission of the Director, United 
States Geological Survey. Presented orally before 
the Geological Society of Washington, January 22, 
1947. Manuscript received November 15, 1948. 


dale visited numerous lakes along the 
Meade River and in the vicinity of Bar- 
row. R. F. Black, assisted by Donald R. 
Loftus, visited many lakes along the 
Arctic coast southwest and southeast of 
Barrow, in the vicinity of Barrow, and in 
the Cape Simpson area. Several trips 
were made by air from Barrow south and 
east over the lake country.” Trimetrogon 
photographs, taken in 1942, 1943, and 
1945 of most of northern Alaska, were 
used as a base for delimiting the areal 
extent of the lakes and for providing 
data in places not visited. Planimetric 
maps, on the scale of 1/48,000, made by 
the Geological Survey from these aerial 
photographs, provide coverage for most 
of the entire area. 

The authors have not had an oppor- 
tunity to study in detail the many as- 
pects of the oriented lakes; however, in 


2 In 1947, after this paper had been written, R. F. 
Black made numerous trips by float plane from Bar- 
row and Umiat to lakes in the Coastal Plain west of 
the Colville River. The southern margin of the 
Coastal Plain was traversed, and much additional 
data on the distribution of soils, vegetation, oriented 
lakes, and geology were accumulated. They serve to 
substantiate the findings herein reported, but are not 
incorporated into this paper. 
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the light of the increasing interest in 
Alaska it seems desirable to present the 
available information at this time. The 
Geological Survey anticipates further 
studies of the oriented lakes and associat- 
ed permafrost phenomena. 


DESCRIPTION OF AREA 


Philip S. Smith and J. B. Mertie, Jr. 
(1930), have summarized the geography 
and geology of northwestern Alaska and 
have listed publications which contain 
complete bibliographies and accounts of 
previous explorations. Recent unpub- 
lished studies by the Geological Sur- 
vey in and adjacent to Naval Petroleum 
Reserve No. 4 have modified their con- 
clusions and added considerable new 
information. 


TOPOGRAPHY 


The area occupied by the oriented 
lakes of northern Alaska covers almost 
completely the physiographic province 
known as the Arctic Coastal Plain (fig. 
1). The Coastal Plain is the northern- 
most physiographic province in Alaska 
and is bordered on the south by the 
Arctic Plateaus Province. The boundary 
between the Coastal Plain and the 
Plateaus has been arbitrarily chosen on 
the basis of topography and of distribu- 
tion of Quaternary sediments (Smith and 
Mertie, 1930). In general, that boundary 
is between 400 and 600 feet in altitude, 
although Leffingwell (1919, p. 53) reports 
that on the Okpilak River, 40 miles from 
the coast, the boundary is about 1,200 
feet. East of the Sadlerochit River (out- 
side the area of the oriented lakes and 
not shown on fig. 1) the Coastal Plain 
widens abruptly to about 50 miles (Lef- 
fingwell, 1919, p. 53) and narrows where 
the British Mountains approach the 
ocean at the international boundary line. 

In some places the Coastal Plain 
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grades imperceptibly into the northern 
front of the Arctic Plateaus. In the 
Canning River area (Leffingwell, 1910, 
p. 52) the northern front of the Arctic 
Plateaus rises with a slope of 15°-20° 
from the flat Coastal Plain and may be 
as much as 300 feet higher.* 

To the north the profile of the Coastal 
Plain is broken only slightly by the 
Arctic Ocean. In many places the plain is 
only 1-10 feet above the sea. The aver- 
age height of coastal bluffs is only 15 feet, 
and the highest rise 25—50 feet above sea 
level. The shoreline is characterized by 
many offshore bars of silt and sand, mud 
flats, and spits. Lagoons, in places as 
much as 5 miles wide and many tens of 
miles long, are generally less than 10 feet 
deep. 

Except for minor features, the Coastal 
Plain extends with monotonous flatness 
from horizon to horizon. Broad low 
ridges and valleys have a very low relief 
of about 30 feet. Locally steeper slopes of 
former wave-cut benches or wave-built 
benches or beaches occur. Small earth 
and ice mounds, commonly 1-4 feet high, 
occur over most of the plain. Shallow 
troughs, commonly less than 2 feet deep 
and in many places underlain by vertical 
wedges of ice, form a network (polygonal 
ground) over most of the surface. 


DRAINAGE 


All runoff is on the surface, as perma- 
frost underlies the entire Coastal Plain at 
a depth of a few inches. All but the larg- 
est rivers, such as the Colville River, 
freeze solidly to permafrost every winter. 
It is estimated that possibly 50-75 per 
cent of the Coastal Plain is covered with 
lakes and marshy ponds. Many are with- 
out external drainage except in spring, 


3 R. F. Black (1947) found that, except for minor 
breaks, the boundary between Cape Beaufort and 
the Colville River is a distinct topographic break, as 
much as 300 feet high in places but generally lower. 
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Fic. 1.—Base map of northern Alaska, showing the areal extent and regional orientation of the oriented lak 
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when high waters overflow their banks. 
Certain localities are partially dissected, 
and some lakes are draining through 
recent gullies. 

Only one large river, the Inaru, lies 
entirely within the limits of the Arctic 
Coastal Plain Province. However, most 
rivers that head in the Arctic Plateaus 
Province or on the north flanks of the 
Brooks Range cross the Coastal Plain 
on their way to the Arctic Ocean. 
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TABLE 1 
MONTHLY AND ANNUAL CLIMATIC DATA AT BARROW, ALASKA 
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CLIMATE 


The climate on the Arctic slope is 
cloudy, cold, arid, and windy. The only 
weather station‘ on the northern Coastal 
Plain of Alaska is at Barrow, but data 
collected there since 1912 by the United 
States Weather Bureau (1943) are prob- 
ably applicable to the entire coastal 
area. Monthly and annual climatic data 
are given in table 1. 

The annual mean temperature at Bar- 


(U.S. Weather Bureau, 1943) 


with Freezing Velocities tation (laches) (Inches) Cover 
Temperatures (m.p.h.) — — (Per Cent) 


ono noo 


0.15 2.6 42 
0.20 2.7 24 
0.13 2.0 31 
0.12 $:7 45 
0.14 1.8 71 
°. 26 0.4 61 
0.89 1.0 62 
0.73 0.7 82 
0.49 3.0 82 
0. 56 7-9 72 
0.30 4-3 46 
©. 26 3-9 48 


321 ae. 4.23 33.0 56 
(21-23-year (10-year (25-27 year | (21-23-year 
record) record) record) record) 


VEGETATION 


The entire Coastal Plain is a treeless, 
prairie-like tundra region characteristic 
of the arctic and subarctic zones (Palmer 
and Rouse, 1945, p. 1). It is covered with 
a thick mat of vegetation composed of a 
mixture of lichens, mosses, grasses, 
sedges, shrubs, and other plants. Small 
prostrate shrubs are rare along the coast 
but are more abundant inland. Willows 
are particularly common along the pro- 
tected banks of the larger streams, 
though they rarely grow as high as 10 
feet. Evergreen or large deciduous trees 
are absent. 


row is 10° F.; the annual mean maxi- 
mum temperature is 16°F.; and the 
annual mean minimum temperature is 
4° F. The monthly mean maximum and 
mean minimum temperatures are shown 
in figure 2. The absolute maximum tem- 
perature is 78° F. and the absolute mini- 
mum temperature is —56°F. The 
monthly and annual number of days 
with freezing temperatures are shown in 
table 1. 

During a period of 27-30 years the 
most frequent wind direction was north- 


4 Since this paper was written, a weather station 
has been started at Umiat, on the Colville River. 
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east during every month except July, 
when it was southwest. The prevailing 
direction and relative velocity of the 
wind at Barrow are shown in figure 3. 
The average monthly and annual wind 
velocities are shown in table 1. 


GEOLOGY 


The Arctic Coastal Plain is underlain 
by several thousand feet of relatively 
impervious sandstones, shales, and some 
interbedded conglomerates, coals, lime- 
stones, and bentonites of Upper Cre- 
taceous and early Tertiary age. These 
rocks are essentially flat-lying, although 
gentle folding has produced large low 
domes and anticlines and broad, shallow 
basins and synclines. Dips are commonly 
less than 5°. 

The Upper Cretaceous and early Ter- 
tiary rocks are mantled uniformly 
throughout much of the Coastal Plain 
by unconsolidated clays, silts, sand, 
gravel, and peat, as much as 150 feet 
thick, of late Tertiary-Quaternary age. 
The unconsolidated sediments are of in- 
terfingering marine and fluvial origin, 
and different deposits vary widely in 
areal distribution, thickness, and com- 
position. The detailed geologic history 
and relations of these deposits are known 
for only a few areas. 


PERMAFROST 


All surficial deposits and the bedrock 
to a depth of several hundred feet under 
the Arctic slope are permanently frozen. 
The surficial deposits, in particular, con- 
tain large quantities of ice in the form of 
nearly vertical ice wedges, horizontal ice 
sheets, irregular ice masses, and small 
grains, crystals, stringers, irregular par- 
ticles, and films of ice as a cement. Shal- 
low thawed zones probably occur under 
the larger streams and below some of the 
deeper lakes. Summer thaw penetrates 


from 6 inches to a maximum of about 30 
inches. The average summer thaw is 
about 8-20 inches (Black and Barksdale, 
1948; Black, 1947). 


DESCRIPTION OF THE ORIENTED LAKES 
DISTRIBUTION 


The oriented lakes occupy almost com- 
pletely the Arctic Coastal Plain Province 
of northern Alaska and, as far is now 
known, are limited to that province 
(fig. 1). The northern limit of the lakes 
is the Arctic Ocean. The southern limit 
coincides approximately with the bound- 
ary between the Coastal Plain and the 
Plateaus Province, from the Arctic 
Ocean near Cape Beaufort, about 450 
miles eastward, to the Arctic Ocean near 
the Kalakturuk River. Although the 
Arctic Coastal Plain Province continues 
east of the Sadlerochit River to the inter- 
national boundary, the lakes in that area 
are apparently not oriented. The maxi- 
mum width of the oriented-lake area, 
from Barrow southward, is more than 
100 miles. The average width is between 
50 and 80 miles. 

Oriented lakes occur chiefly in low- 
land areas and less commonly on the 
sides or tops of low ridges. Many are in 
basins cut directly into broad, featureless 
plains. Others are present in lowland 
areas along coasts, on tops of high blufis, 
and less commonly in river floodplains. 


CONCENTRATION 


The oriented lakes are concentrated in 
elongated belts or zones, which apparent- 
ly represent former stages in the uplift 
(Smith and Mertie, 1930, p. 48) of the 
Coastal Plain. It is estimated that local- 
ly the lakes or drained lake basins com- 
prise from less than 25 per cent to as 
much as go per cent of the surface of the 
land, although in most places the lakes 
probably comprise between 50 and 75 per 


Deg 


P 
Fi 
centa 
winds 
Ito1 
~ 


Jan, Feb, March April May June July Aug. Sept. Oct. Nov. Dec. 


Degrees 


Fic. 2.—Mean maximum and minimum temperatures at Barrow, Alaska 
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Fic. 3.—Direction, velocity, and frequency of winds at Barrow, Alaska. Length of vector indicates per- 
centage of time that wind blows in indicated direction. Winds blow toward center. Heavy line indicates 
winds of velocity greater than 15 m.p.h. (31 per cent of total). Light line indicates winds of velocity from 
1to15 m.p.h. (69 per cent of total). Calms exist less than 1 per cent of the time. 
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cent of the surface. Most of the oriented 
lakes are concentrated in a large area 
north of latitude 70° and between the 
Kuk River on the west and the Itkillik 
River on the east. The number of ori- 
ented lakes is markedly less along the 
southern boundary of the area, and par- 
ticularly so in two areas of slightly 
higher relief and coarser-grained surficial 
deposits, one of which lies between the 
Itkillik and Kuparuk rivers and the other 
between the Sagavanirktok and Shavio- 
vik rivers, where only remnants of former 
oriented lakes remain. In certain areas 
adjacent to the coast, along many of the 
larger rivers, and wherever slopes are 
moderate, gullies have intersected and 
largely drained the oriented lakes with- 
out, however, completely destroying the 
lake basins themselves. 


ORIENTATION 


The remarkable parallelism exhibited 
by the thousands of elongated lakes in 
the Arctic Coastal Plain Province in 
northern Alaska is a rare phenomenon 
and, so far as is known, is duplicated in 
such a marked degree only by the Caro- 
lina “Bays” of the Atlantic Coastal Plain 
Province of the United States. The uni- 
formity of alignment of the lakes is so 
perfect in many parts of the Arctic 
Coastal Plain that their orientation has 
been used as an aid in air navigation (see 
fig. 1 and pl. 1, A). 

In order to determine accurately the 
regional orientation of the lakes, the long 
axes of five to twenty lakes in a particu- 
lar locality were determined by bisecting 
the outlines of the lakes as shown on 
Geological Survey planimetric maps; the 
trend of the axes was measured; and the 
average trend determined arithmetically. 
The number of lakes measured was in- 
creased as the variability of orientation 
increased. Of the well-developed lakes 
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oriented in a northerly direction, the 
total range in orientation is only 30°— 
from north to N. 30° W. The average 
range for seventeen localities, as shown 
by the arrows on figure 2, is only 12°— 
from N. y° W. to N. 21° W. In any one 
locality the deviation from the average 
is commonly less than 3° and rarely over 
5°. The lakes in the southeastern part of 
the Coastal Plain in the vicinity of the 
Colville River at latitude 70°00’ trend 
more nearly west than do the lakes in the 
rest of the Coastal Plain. Most lakes in 
the central portion of the Coastal Plain 
north of latitude 70°00’ and between the 
Kuk River on the west and the Ikpikpuk 
River on the east trend N. 13° W. to 
N. 15° W. 

Not all lakes on the Coastal Plain are 
oriented, nor are all oriented lakes 
aligned in the same direction. The north- 
northwest trend is uniformly developed 
throughout the region. An easterly trend 
is shown by a few lakes in scattered 
localities but is nowhere so pronounced 
as is the north-northwest trend. Rarely, 
individual lakes along the coast or in the 
floodplains of some of the major rivers 
are oriented in other directions, but no 
other pronounced trends were noted. 

Lakes which are not oriented occur in 
the area along the southern limits of the 
Coastal Plain, in the areas of higher topo- 
graphic relief between the Itkillik and 
Kuparuk rivers and the Sagavanirktok 
and Kadleroshilik rivers, in certain rela- 
tively high sections along major streams, 
and on the floodplains of many streams. 

The oriented lakes in some places form 
groups or chains that are aligned along 
the axis or at an angle to the axis of indi- 
vidual lakes composing the chain. 


CHARACTER OF THE ORIENTED LAKES 


Size.—The oriented lakes range in size 
from small ponds a few tens of feet in 
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length to large lakes more than g miles 
long and 3 miles wide (fig. 4). Lakes of all 
sizes occur in any locality, although large 
lakes are more numerous in a broad 
zone adjacent to the coast from Barrow 
eastward and as far south as latitude 
70°30’. Many of these lakes are 4-6 miles 
long and 3—1 mile wide. Lakes are con- 
spicuously less numerous and smaller 
east of the Itkillik River than west of 
that river, and they are, in general, less 
numerous and smaller toward the south- 
ern boundary of the Coastal Plain. 

Lake Teshekpuk, about 80 miles 
southeast of Barrow, is an unusually 
large and irregular lake more than 21 
miles wide and 29 miles long. 

Shape.—The shapes of the lakes of the 
Coastal Plain may be described as el- 
liptical, cigar-shaped, rectangular, ovoid 
or egg-shaped, triangular, irregular, or 
compound, having any combination of 
these shapes. All the lakes are somewhat 
irregular, and few are so smooth or so 
perfectly formed as to fit clearly into any 
one type. Any one or more types may 
predominate in a particular locality, al- 
though in most areas all types are at 
least represented. 

Representative examples of the vari- 
ous types have been traced from Geo- 
logical Survey maps and are shown in 
figure 4: triangular to ovoid types are 
shown in A, G, and H; rectangular to 
cigar-shaped types in B, C, L, and O; 
ovoid to elliptical types in D; rectangular 
types in E; compound types in J, K, L, 
and M; compound to irregular types in 
J; rectangular to irregular types in NV; 
and a cluster of all types in F. 

Ratio of length to width.—The ratio of 
length to width is as variable as the 
shapes of the lakes; it ranges from almost 
1:1 to more than 5:1. Many well- 
developed elongate lakes in the central 
portion of the Coastal Plain, north of 


latitude 70°00’ and between the Kuk and 
Ikpikpuk rivers, have ratios of 2:1 to 3:1; 
and many lakes in a zone 20-50 miles 
wide along the coast from the Kuk River 
to Harrison Bay, 105 miles southeast of 
Barrow, have ratios of from 3:1 to 4:1. 
The ratio is considerably smaller in the 
far western part of the Coastal Plain and 
approaches 1:1 along the south border 
and in the plain east of the Itkillik River. 

Depth.—The oriented lakes range in 
maximum depth from about 2 to 20 feet 
or more. Although the depths of the 
existing deeper lakes have not been de- 
termined, measurements of drained lake 
basins formerly occupied by oriented 
lakes show that some were at least 60 
feet deep. 

As a preliminary and tentative classi- 
fication based on depth and underwater 
profile, the lakes may be divided into two 
groups. One group consists of those 
lakes which have a shelf or shallow un- 
derwater bench surrounding a deeper 
central portion (pls. 1, B and 2, B). The 
other consists of those lakes which are 
relatively shallow throughout and whose 
underwater profile is uniformly concave. 
The two types are usually distinct, al- 
though gradational forms exist and abso- 
lute classification cannot be adhered to 
for all lakes. Those few lakes for which 
underwater data are available and whose 
maximum depth is less than 6 feet belong 
clearly in the second group, and those 
exceeding 6 feet in maximum depth be- 
long in the first. In general, the shallow 
lakes with uniform concave profiles are 
most abundant in the northern part of 
the Coastal Plain, and the deeper lakes 
with shallow shelves are more abundant 
in the southern part. 

Shore features.—As seen from the air, 
the major outline of many oriented lakes 
is smoothly curved, but in detail all 
shorelines are cuspate, uneven, or jagged. 
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The degree of unevenness varies from one 
part of a lake to another and from lake 
to lake throughout the Coastal Plain. In 
general, the western shorelines of the 
oriented lakes are the most uneven, and 
the eastern shorelines slightly less so. 
Although the northern and southern 
shorelines are less smoothly curved in 
major outline than are the western and 
eastern, they are generally not so rough 
or jagged in detail. Relatively smooth, 
curved shorelines are shown in plate 2, A, 
and cuspate or jagged types in plate 2, B. 

From the ground, the unevenness can 
be clearly seen in some lakes (p. 5, B), 
but it is less pronounced in others (pl. 
5, A, C, D). 

The height of the shore may be dif- 
ferent from one part of a lake to another 
and from lake to lake throughout the 
Coastal Plain. Generally, the highest 
shores are on lakes in the southern part of 
the Coastal Plain. Low wave-cut bluffs 
range from less than 1 foot to 20 feet 
above water level and are composed of 
sand (pl. 5, D) or silt, clay, and organic 
material (pls. 5, B,C; 6, A). Inother parts 
of the same lake the shoreline grades 
into marshes (pl. 5, A). Beaches border 
some shorelines at low water or when 
winds are blowing the water away from 
shore (pl. 6, A). As far as is known, no 
lacustrine beach ridges occur around any 
lake on the Coastal Plain, but all lakes 
are incised below the general level of the 
tundra (pl. 6, B, D). 


FORMER LAKE BASINS 


Drained lake basins and former exten- 
sions of the present lakes are indicated by 
wave-cut and wave-built shores, beaches, 
lacustrine deposits, character of polyg- 
onal ground, and character and distri- 
bution of vegetation. The evidence shows 
conclusively that most of the present 
lakes were much larger than they are 


today and that many formerly oriented 
lakes are now completely drained. The 
abandoned lake basins are clearly visible 
from the air and in aerial photographs 
(see pls. 1-3, 4, A), and less clearly 
from the ground. Polygonal ground, 
commonly in a rectangular pattern em- 
phasized by vegetation, parallels and 
outlines the old shorelines. 

The degree of dissection of the old lake 
basins varies widely. Some are occupied 
almost entirely by lakes; others are com- 
pletely drained and almost obliterated 
by surface erosion. The former lakes were 
parallel to one another and commonly 
overlapped (pl. 3, A). The present lake 
may occupy all, or nearly all, the lake 
basin; it may be much smaller but simi- 
lar in shape and orientation; it may be 
smaller and have no resemblance to the 
original basin; or it may consist of sev- 
eral ponds, oriented or unoriented, occu- 
pying parts of the original basin (fig. 5). 


EFFECT OF WIND, VEGETATION, AND 
PERMAFROST ON THE LAKES 

All the oriented lakes are being modi- 
fied by wind, vegetation, and permafrost. 

The dominant east-northeast and 
west-southwest wind directions are dem- 
onstrated by weather records at Barrow, 
by alignment of dune sands and blowouts 
along the west and east sides of rivers, 
and by wave erosion along the west and 
east sides of the lakes (pl. 3, B). 

The shallow lakes, those less than 
about 6 feet in depth, are directly en- 
closed by permafrost. Under the deeper 
lakes thawed zones extend possibly to a 
few yards below lake bottom, but 
around the shore permafrost is only a 
few inches deep. In spite of the short 
cloudy summers, the waters of many 
lakes warm up to 40° or s5o°F., and 
thawing accompanied by wave action on 
the frozen sands, silts, and mucks in the 
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banks of the lakes produces very rapid 
erosion of the shores during storms. 
Caving, slumping, and erosion of as 
much as several tens of feet of the shores 
of some lakes may occur in a few weeks 
during the summer months. This process 
results in the cuspate, uneven, or jagged 
shoreline so common around the lakes 
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and along the coast (pls. 1, B; 2, B; 3; 
5, B and D) and permits one lake to 
intersect or capture other lakes (pls. 3, A, 
and 4, A). 

In contrast to the enlarging effects of 
thawing of permafrost and subsequent 
wave erosion, vegetation (commonly 
Colpodium fulvum) in shallow parts of the 
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REPRESENTATIVE OUTLINES OF EXISTING LAKES 
AND THE BASINS THEY OCCUPY 
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lakes tends to reduce and finally to elimi- 
nate wave erosion, to fill in parts of the 
lake (pl. 5, A) with plant material, to 
insulate and protect permafrost from 
thawing and caving, and to aid in the 
building-up of permafrost. 

These processes go on simultaneously 
in different parts of a lake or at different 
times in the same part of a lake. Either 
destructive or constructive processes 
may predominate at any one time or 
period, and apparently they follow cycles 
connected with such variable factors as 
temperature, rainfall, cloudiness, wind 
direction and velocity, and cosmic con- 
ditions. 

The present tendency is toward de- 
struction of the northerly orientation of 
the lakes and toward an easterly orienta- 
tion in those lakes with sufficient 
“reach” for wave action to be effective. 
Many lakes are enlarging rapidly as 
permafrost thaws and waves remove the 
unconsolidated material forming their 
shores. These lakes are also becoming 
shallower, and those too shallow or too 
small for wave action to be effective are 
being filled by vegetation. Other lakes 
are being destroyed by dissection ac- 
companying thawing of permafrost. 

In general, the weather data and field 
observations indicate that the cold re- 
serve of permafrost on the Coastal Plain 
of northern Alaska is building up by the 
removal of heat from the ground (Black 
and Barksdale, 1948; and Black, 1947). 


COMPARISON OF THE ORIENTED LAKES OF NORTH- 
ERN ALASKA WITH THE CAROLINA BAYS 
AND OTHER ORIENTED LAKES 


As far as is known, this paper contains 
the first description of a group of 
oriented lakes which compare in number 
and in extent of orientation with the 
Carolina Bays of the eastern United 
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States. Up to the present time the Caro- 
lina Bays have been unique, for nowhere 
else had such a large area containing 
such well-oriented lakes been known. 

The Carolina Bays have been dis- 
cussed at great length by Douglas John- 
son (1942), and it is from his book that 
data are derived for the comparison 
with the oriented lakes in table 2. 

Obruchev (1940) reported that rec- 
tangular lakes oriented in a rectangular 
pattern occur on the Recent Arctic 
Coastal Plain to the southwest of the 
Iamskaia beach of the Okhotsk Sea, in 
the valley of the Penzhina River near the 
village of Penzhino (pl. 6, C), and in the 
valley of the Anadyr River. These lakes 
are reported to vary in diameter from 
several hundred meters to as much as 
5 km. Those on the plain surrounding the 
Okhotsk Sea are parallel to the coast. 
Obruchev believes that the origin of the 
lakes in the valley of the Penzhina and 
Andyr rivers is connected with the origin 
of the polygonal ground which occurs in 
the area, but he does not explain fur- 
ther. He believes that many of the lakes 
less than 2 meters in depth are the result 
of the thawing of permafrost. Some 
lakes deeper than 2 meters are fed by 
fresh-water springs and others by min- 
eralized waters from taliks, or thawed 
zones within the permafrost. Seasonal 
and biennial mounds are reported to rise 
from the bottoms and from the shores of 
some of the lakes. It is not known how 
well the lakes are oriented or how large 
an area they cover. They are presumed 
to be Quaternary in age. 

Johnson (1942, pp. 318-325) briefly 
discusses oriented lakes of undetermined 
origin in Florida, Georgia, and Texas 
and comes to the conclusion that they 
are similar to, but not identical with, the 
Carolina Bays. 
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THEORIES OF ORIGIN OF THE 
ORIENTED LAKES 


The data on the oriented lakes of 
northern Alaska are too few to permit 
any definite analogy with the Carolina 
Bays or with other groups of oriented 
lakes. However, the Carolina Bays and 
the oriented lakes of northern Alaska are 
so strikingly similar that it is believed 
that the conditions under which they 


operating 


ogy may 


TABLE 2 


Oriented Lakes of Northern Alaska 
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were formed and the physical processes 


to produce them must have 


been, at least in part, similar. An anal- 


be drawn also between the 


oriented lakes of northern Alaska and 
the rectangular lakes of eastern U.S.S.R., 
although data for this comparison are 
much less satisfactory. 

Many conflicting and widely diver- 
gent hypotheses are advanced by various 


Carolina Bays 


Abundance.............. 


Ratio of length to width. . . 


Relationship to one another 
Relationship to beach ridges 
Linear arrangement of lakes 
Material in Coastal Plain. . 
Present wind direction in 


relation to axial trend... 
Climate at time of origin .. 


Total area of more than 25,000 sq. mi.; 
limited to the Arctic Coastal Plain 
Probably tens of thousands of lakes 
or lake basins 
Most trend from N. 9° W. to N. 21° 
W.; average trend is N. 12° W. 


A few tens of feet in greatest diameter 
to 9 miles long and 3 or more miles 
wide; many average between 1 mile 
and 3 miles long by } mile wide 

Elliptical 

Cigar-shaped 

Rectangular 

Ovoid or egg-shaped 

Irregular 

Triangular 

Compound 

From almost 1:1 to 5:1; many are 2:1 


to 3:1 

Exclusive of filling, from less than ro 
feet to 60 or 70 feet below surround- 
ing plain 

Major outline of many lakes is smooth- 
ly curved; in detail, most lake shores 
are jagged or rough. 

Conspicuously absent 


No present subsurface drainage; sur- 
face drainage absent from many 
Lakes parallel, intersect, or overlap 
one another 

Clusters of lakes lie between what are 
interpreted as beach ridges 

Rows of lakes are present in a few 
localities 

Permanently frozen gravel, sand, silt, 
or muck 

Average wind is from northeast, nor- 
mal to orientation of lakes 

Presumably arctic climate similar to 
that of today 

Probably Pleistocene to Recent 


Total area of at least 25,000 sq. mi.; 
limited to the Atlantic Coastal Plain 

Probably tens of thousands of bays 
and possibly hundreds of thousands 

Majority trend from N. 10° W. to N. 
55° W.; average trend varies ac- 
cording to locality 

A few hundred feet in greatest diame- 
ter to 4 miles long by 2 or more 
miles wide 


Elliptical, many with one side more 
strongly curved than the other 

Ovoid or egg-shaped 

Irregular 


From almost 1:1 to 33:1 


Exclusive of filling, from 1 or 2 feet 
to 30 or 40 feet below surrounding 
plain 

Shorelines are smoothly curved 


Conspicuous, partial, or complete rim 
or rims of white or pale buff sand 
around most, but not all, bays 

Subsurface drainage for all; surface 
drainage absent from many 

Bays parallel, intersect, or overlap 
one another 

Clusters of bays lie between what are 
interpreted as beach ridges 

Rows of bays are present in a few 
localities 

Sands, sandy loams or marls, lime- 
stones, and arkosic sand 

Winds highly variable and cannot be 
correlated with trends of bays 

Cold accompanying maximum Wis- 
consin glaciation 

Pleistocene 
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authors to explain the many perplexing 
problems involved in the origin of the 
Carolina Bays. Johnson (1942) gives 
complete references to the numerous 
papers and discusses all hypotheses. 
Three of the most outstanding hypoth- 
eses are: (1) meteoritic origin, by F. A. 
Melton, William Schriever, et al.; (2) 
segmented lagoons and crescent-shaped 
keys, by C. Wythe Cooke; (3) artesian- 
solution-lacustrine-aeolian hypothesis, 
by Douglas Johnson. 

Of these, the meteoritic hypothesis 
caused the greatest excitement in the sci- 
entific world, but, with certain excep- 
tions, it is not now so widely believed as 
before. The fact that the oriented lakes 
are limited only to the Arctic Coastal 
Plain and almost completely cover that 
plain, that magnetometer and geophys- 
ical surveys do not indicate any deposits 
of meteorites, and that the shapes of the 
lakes and absence of “rims” do not con- 
form to such a theory points to the 
conclusion that the meteoritic hypoth- 
esis does not explain the origin of the 
oriented lakes of northern Alaska. 

With some modifications, Obruchev’s 
“cave-in” hypothesis, Cooke’s  seg- 
mented-lagoon hypothesis, and John- 
son’s complex hypothesis probably will 
explain some of the problems connected 
with the origin of the oriented lakes of 
northern Alaska. 

The writers believe that many lakes of 
northern Alaska, some oriented and 
others unoriented, are the result of 
thawing of perennially frozen ground 
and are true “cave-in” lakes. These 
lakes may or may not occupy parts of the 
basins of oriented lakes now drained, and 
they are possibly of more than one gen- 
eration. “Caving” in itself, however, 
cannot produce regional orientation. 

In the vicinity of Peard Bay and Har- 
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rison Bay and at other localities on the 
Coastal Plain of northern Alaska, clus- 
ters of lakes lie between what have been 
interpreted as beach ridges (pl. 4, B) and 
are aligned in rows that may have any 
orientation relative to the axial trend of 
the lakes. As in the Myrtle Beach area in 
South Carolina, described by Cooke, 
such lakes are believed to be the result of 
uplift and segmentation of lagoons, al- 
though the actual processes involved in 
such segmentation are not clearly un- 
derstood. 

Prevailing winds in the direction of the 
long axis of the Alaskan lakes are be- 
lieved to be the chief factor that con- 
trolled their orientation. What climatic 
changes would have to be made to pro- 
duce a northwesterly (or southeasterly) 
wind are not known, but presumably 
they were connected with the major cli- 
matic changes during the Pleistocene 
period and possibly with the most recent 
uplift of the Brooks Range to the south. 

Johnson’s (1942) hypothesis of the 
origin of the Carolina Bays “supposes 
that artesian springs, rising through 
moving ground water and operating in 
part by solution, produced broad shal- 
low basins occupied by lakes, about the 
margins of which beach ridges were 
formed by wave action and dune ridges 
by wind action.” Such an origin for the 
oriented lakes of northern Alaska pre- 
supposes that the ground was thawed to 
a considerable depth during the time 
that the lakes were forming. Whether 
during one of the warmer interglacial 
periods known to have occurred in 
Alaska (Capps, 1932, and Taber, 1943) 
the ground was thawed sufficiently to 
permit circulation of ground waters or 
artesian waters is not known. Evidence 
for such phenomena should be looked 
for particularly in the deeper lakes in the 


4 


118 


southern part of the Coastal Plain. Dur- 
ing such a period of thaw, solution might 
have taken place in Cretaceous lime- 
stone beds, some as much as 6 feet thick 
and totaling about 100 feet in thickness, 
which are believed to underlie the area. 
However, the presence of frozen and 
well-preserved plant and animal remains 
dating back into the Pleistocene indi- 
cates that there has been no long period 


of thaw since that time. 
Whatever the origin, the lakes present 


ROBERT F. BLACK AND WILLIAM L. BARKSDALE 


an intriguing problem that deserves con. 
siderable attention. 
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THAW LAKES AND THAW SINKS IN THE IMURUK 


LAKE AREA, SEWARD PENINSULA, 


ALASKA’ 


DAVID M. HOPKINS 
Harvard University 


ABSTRACT 


Certain lakes and depressions in the Imuruk Lake area, Alaska, are ascribed to subsidence following the 
thawing of perennially frozen ground. The frozen, silty soils of the region contain large quantities of clear 
ice, which in volume greatly exceed the natural porosity of the unfrozen material. Melting of the clear ice 
results in surface subsidence; water accumulates in the resulting depressions. 

Thaw lakes are described, and mechanisms of enlargement and eventual drainage are discussed. The 
origins of drained thaw lakes and of thaw sinks are compared. 

Evidence is presented to show that the present climate in the Imuruk Lake area is sufficiently cold to 
form a small thickness of perennially frozen ground in previously unfrozen deposits but that the present 
large thickness of frozen ground probably is unstable under existing climatic conditions. 


INTRODUCTION 


During the summers of 1947 and 1948 
thaw lakes and thaw sinks were studied 
in the Imuruk Lake area, Seward Penin- 
sula, Alaska (fig. 1). The study was made 
in connection with the permafrost pro- 
gram of the United States Geological 
Survey and was financed in part by the 
Engineer Intelligence Division, Office of 
the Chief of Engineers, United States 
Army. Mapping was done on aerial 
photographs made by the Forty-sixth 
Photo Reconnaissance Squadron, United 
States Army Air Forces, during 1946. 


DEFINITIONS 


Thaw depressions.—Depressions which 
result from subsidence following the 
thawing of perennially frozen ground. 

Thaw lakes.—Lakes which occupy 
thaw depressions; the term includes lakes 
which have originated in other ways but 
which have been considerably enlarged 
by thawing and caving at their margins 
(synonymous with “cave-in lakes’) 
(Wallace, 1948, p. 171). 

Thaw sinks.—Closed depressions with 

* Published by permission of the Director, United 


States Geological Survey. Manuscript received De- 
cember 14, 1948. 


subterranean drainage; believed to have 
originated as thaw lakes. 


GEOGRAPHIC AND GEOLOGIC SETTING 


Imuruk Lake is near the center of the 
Seward Peninsula, Alaska, at latitude 
65°35’ north and longitude 163°10’ west. 
It is 100 miles northeast of Nome, 
Alaska, and 60 miles south of the Arctic 
Circle. The area is a broadly rolling up- 
land, ranging from 500 to 2,000 feet in 
altitude. Hills in the area are character- 
ized by broad, domical summits and 
smooth, gentle slopes, rarely steeper 
than 10°. 

An integrated stream pattern is lack- 
ing throughout much of the area. Low 
precipitation, low relief, irregular initial 
topography, and the disturbing effects of 
perennially frozen ground and frost action 
combine to inhibit organization of the 
drainage. Most of the streams are small 
and sluggish. Valleys, swales, and low- 
lying areas generally are swampy. Stand- 
ing water is common on flat hilltops and 
in minor irregularities on the gentle 
slopes. Lakes and ponds are abundant. 

Year-round weather observations are 
lacking in the Imuruk Lake area. The 
following remarks are based upon weath- 
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er data collected by the Eleventh Weath- 
er Squadron at Lava Lake at the western 
margin of the area from April through 
November, 1945, and upon fragmentary 
weather records kept by the Geological 
Survey field party during the summers of 


1947 and 1948. 


The climate is rigorous and conti- 
nental, characterized by cool summers 
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per cent of the precipitation was record. 
ed during July, August, and September, 

Most of the area is underlain by ba- 
saltic flows of Quaternary age. Granite, 
schist, and schistose limestone are found 
on the fringes of the area, however, and 
in isolated hills within the lava plateau, 
Peat and lacustrine silts from 5 to 20 feet 
thick are present in terraces on the mar- 
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Fic. r.—Index map of Alaska showing location of Imuruk Lake area 


and very cold winters. The mean annual 
temperature probably is about 25°F. 
Subfreezing temperatures predominate 
from early October to mid-May, al- 
though there probably are thaws during 
all the winter months. Nightly frosts are 
frequent during all the summer months 
except July. The mean annual precipita- 
tion probably is less than 10 inches. The 
total precipitation recorded from April 
through November, 1945, was 6.7 inches, 
of which about 1 inch fell as snow. Eighty 


gins of Imuruk Lake. Stream-laid sedi- 
ments, chiefly silts, extend to an un- 
known depth in the floodplain deposits 
of several of the larger streams. The area 
has not been glaciated. 


FROST RIVING AND SOIL FORMATION 


Previous descriptions of thaw lakes 
and related thaw features have dealt 
largely with lakes in areas underlain by a 
considerable thickness of unconsolidated, 
fine-grained sediments (Cabot, 1947; 
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Wallace, 1948). Such sediments have 
only a limited distribution, however, in 
the Imuruk Lake area; most of the thaw 
features occur, instead, in the thick 
residual soil, which mantles bedrock 
throughout much of the area. Inasmuch 
as the characteristics of some of the 
thaw features depend upon the nature of 
the soil and of the underlying bedrock, a 
brief discussion of the soils and the proc- 
esses that produced them is desirable. 

Frost riving is the chief factor in rock 
decay in the Imuruk Lake area. Two 
scales of riving can be distinguished: 
large-scale riving, which takes place 
along megascopic fractures, such as 
joints, bedding planes, and _ foliation 
planes, and small-scale riving, which 
proceeds along submegascopic planes 
of weakness, such as mineral-grain 
boundaries and cleavage planes within 
individual mineral grains. 

Large-scale riving breaks solid rock in- 
to a rubble of fragments ranging from 
0.2 to 20 feet in largest dimension. The 
coarseness of the rubble depends upon 
the abundance of fractures inherent in 
the parent rock. Except in certain excep- 
tionally favorable environments, large- 
scale riving is not an important process 
in the area today. Widespread stabilized 
rubble fields indicate, however, that 
large-scale riving was an extremely ac- 
tive process in the past, probably during 
the cold stages of the Pleistocene epoch. 

Small-scale riving reduces rock frag- 
ments to material in the silt and sand 
grades. The grain size of the resulting 
debris depends upon the texture and 
mineral composition of the parent rock. 
Small-scale riving probably was an im- 
portant soil-making process in the Imu- 
ruk Lake area throughout Pleistocene 
time and is now the chief active one. 

The Quarternary basaltic flows are 
cut by columnar joints at intervals of 
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1-6 feet and by more closely spaced, 
vertical and horizontal fractures which 
resulted from rapid surface cooling and 
from continued movement of fluid lava 
at depth after a surface crust had solidi- 
fied. Large-scale riving reduces solid ba- 
salt to a rubble of 0.5—15-foot blocks. The 
end-product of small-scale riving in ba- 
salt is rather uniform material in the silt 
range. 

The youngest of the Quaternary flows 
is believed to have been extruded within 
the last two or three thousand years; the 
flow has not been subjected to extensive 
large-scale riving, and its surface con- 
sists of solid rock, bearing 1-6 inches of 
silty or sandy soil in protected hollows 
and crevices. Slightly older flows have 
been exposed to the more rigorous cli- 
mate which accompanied Wisconsin 
glaciation and have been reduced to ex- 
tensive rubble fields. 

The oldest and most widespread 
Quaternary flows have been exposed to 
frost riving throughout much of Pleisto- 
cene time and are mantled with 5—20 feet 
of uniform, fine-grained residual soil. 
Particles between 0.1 and 0.01 mm. make 
up 70-95 per cent of these soils at the 
surface. Scattered boulders, 1-3 feet in 
diameter, lie on the soil surface and in- 
crease in abundance at depth, grading 
downward into coarse frost-rubble at the 
base of the weathered zone. A typical 
cross section showing the gradation from 
bedrock through frost-rubble to uniform 
silty soil is shown in figure 3. 


DISTRIBUTION AND CHARACTER OF 
PERENNIALLY FROZEN GROUND 


Perennially frozen ground is present 
throughout the Imuruk Lake area. 
Drill-hole data and comparisons with 
other areas having a similar climate indi- 
cate that the frozen layer extends to 
depths ranging from 50 to 300 feet. The 
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widespread occurrence of subsurface 
drainage suggests, however, that many 
thawed zones exist within the perennially 
frozen layer. 

Fine-grained sediments or soils, when 
subjected to subfreezing temperatures in 
the presence of abundant moisture, take 
up a quantity of water greatly in excess 
of the natural porosity of the unfrozen 
material. Taber (1943, pp. 1517-1518) 
estimates that the average ice content in 
perennially frozen silts in central and 
northwestern Alaska ranges from 50 to 
80 per cent, although the porosity of the 
unfrozen silts would be only 20-30 per 
cent. The excess ice is segregated in clear 
ice lenses, wedges, and veinlets distrib- 
uted through the sediment. Taber (1943, 
pp. 1522-1527) has outlined some of the 
processes by which segregations of clear 
ice are formed in silty material. 

Masses of clear ice constitute a major 
component of areas of peat and frozen, 
fine-grained soils in the Imuruk Lake re- 
gion. The clear ice occurs in small, closely 
spaced horizontal lenses (“ice gneiss,”’ 
Taber, 1943, p. 1512) and in polygonal 
networks of vertical ice wedges. The 
horizontal lenses range from o.1 to 6.0 
inches in thickness and from a few inches 
to a few feet in length. The vertical 
wedges generally are from 3 to 6 feet 
wide and extend from the top of the 
perennially frozen layer to depths ex- 
ceeding 10 feet (D in fig. 2). The polyg- 
onal areas enclosed by the ice wedges 
range from 35 to 60 feet in diameter. 
Leffingwell (1909, pp. 205-212) describes 
similar ice-wedge polygons in the Can- 
ning River region, Alaska, in more de- 
tail. 

During the summer, thawing tempera- 
tures penetrate to depths ranging from 1 
to 10 feet or more, depending upon the 
vegetal cover and the nature of the soil. 
Areas mantled with deep residual soil 
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commonly are covered with a dense mat 
of peat-forming tundra vegetation, in. 
cluding Eriophorum vaginatum (cotton- 
grass), various shrubs and heaths, and 
Sphagnum mosses. The dense, interlock. 
ing mat of living and dead vegetation 
constitutes an effective insulator, be- 
neath which summer thaw penetrates 
only 1-3 feet. Beneath areas of bare soil, 
however, seasonal thaw extends to 
depths ranging from 3 to ro feet (A in fig, 
2). Water constitutes a more effective 
heat conductor than either peat or min- 
eral soil. Especially deep and rapid thaw 
takes place beneath and at the margins 
of small pools of standing water (B in 
fig. 2); perennially frozen ground prob- 
ably has thawed completely beneath the 
larger lakes and streams in the Imuruk 
Lake area. 

Ice-rich soils and sediments lose con- 
siderable volume upon thawing, owing 
to the melting-out of bodies of clear ice. 
Areas of locally deep thaw commonly are 
marked by subsidence at the ground sur- 
face. Small areas of exceptionally deep 
thaw tend to be self-perpetuating and 
self-enlarging because the resulting de- 
pressions tend to hold small pools of 
standing water or to channelize slope 
runoff into small streams beneath which 
thaw is accelerated. 

Some of the most spectacular exam- 
ples of subsidence due to excessive thaw 
result from the disruption of the tundra 
mat by human activities. During 1945, a 
gentle hill slope had been crossed re- 
peatedly by a caterpillar tractor. When 
first examined in 1948, the route of the 
tractor was marked by long, swampy fur- 
rows indented 3-12 inches in the tundra. 
Later in the summer a series of sinkholes, 
3-5 feet deep, connected by subterranean 
watercourses, was discovered beneath 
the tracks in areas where the tractor had 
traveled directly upslope (pl. 2, A). Still 
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Fic. 2.—Diagrammatic cross sections illustrating the origin and development of a typical thaw lake. 
Stage r shows the initiation of areas and deep thaw beneath frost boils (A) and beneath a small pool (B). 
Note shallow trenches (C) over buried ice wedges (D). In stage 2 the small pool has grown by thawing and 
caving into a thaw lake, which is migrating in the direction of strongest summer winds. On the windward 
side (E) active caving is in progress, but on the leeward side (F) the lake is being filled with peat-forming 
cena In stage 3 the lake has been drained and new perennially frozen ground has formed beneath 
the bottom. 
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later, the roofs of the connecting caverns 
had collapsed, and the course of the 
tractor was marked by narrow gullies 
3-4 feet deep. 

Despite the widespread occurrence of 
local deep thawing in the Imuruk Lake 
area, the present climate of the region is 
cold enough to result in the formation of 
perennially frozen ground in previously 
unfrozen deposits. On August 30, 1948, 
frozen ground was encountered at a 
depth of 22 inches in a pile of peat 30 
inches high which had been plowed up 
by a bulldozer during 1945. Moreover, 
new frozen ground has formed in the bot- 
toms of recently drained lakes described 
below. 


THAW LAKES 


Lakes ranging from a few tens of feet 
to several miles in diameter are common 
in the Imuruk Lake area. Imuruk Lake 
and many of the larger lakes occupy low 
areas in initial lava-flow topography. 
Most of the smaller lakes, however, are 
thaw lakes, occupying shallow depres- 
sions caused by the thawing of peren- 
nially frozen ground. These lakes are 
found on stream floodplains underlain by 
silty sediments, on stream and lake ter- 
races underlain by peat and silt, and on 
areas mantled with silty residual soil 
from to to 20 feet thick. The thaw lakes 
are most abundant on flat surfaces, but 
they also are present as indentations on 
slopes as steep as 5°. Most of the lakes are 
circular or oval in outline; locally, how- 
ever, several] lakes have coalesced to form 
a single large lake with a more complex, 
scalloped outline. Those which originated 
as thaw lakes rarely exceed 1,000 feet in 
diameter. Enlargement by thawing and 
caving is a common phenomenon, how- 
ever, at the margins of larger lakes which 
have originated in other ways. 

The lakes are shallow and flat-bot- 
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tomed. Water ranges in depth from 1 to¢ 
feet, and the bottoms lie 10-20 feet beloy 
the general level of the surrounding ter. 
rain. Many of the lakes are surrounded 
by a low rampart a few hundred feet wide 
and about ro feet high. Such a rampart 
can be seen on the northern and easter 
margin of the drained lake shown in 
figure 3. 

The origin, development, and eventual 
drainage of a typical thaw lake is shown 
diagrammatically in figure 2. 

In the Imuruk Lake area thaw lakes 
originate in areas of locally deep thaw 
which can be initiated in any of the fol- 
lowing ways: 

1. By disruption of the vegetal cover 
by frost heaving. Some of the resulting 
bare-soil areas subside sufficiently upon 
thawing to collect small pools of water 
beneath which thawing is further ac- 
celerated (A in fig. 3 and B in fig. 2, 
stage 1). 

2. By accelerated thaw beneath pools 
occupying intersections of ice-wedge 
polygons. These polygons in the soil are 
reflected at the surface by shallow 
swampy trenches (C in fig. 2 and B in fig. 
3). The intersections of the trenches com- 
monly are marked by shallow pools of 
standing water (C in fig. 3). 

3. By accelerated thaw beneath pools 
in small streams. The smaller streams 
flow in indistinct, vegetation-choked 
channels. Obstruction of the channels by 
especially luxuriant vegetation or by 
small mounds raised by differential frost 
heaving dams small pools beneath which 
rapid thawing and subsidence take place. 
Small streams in areas underlain by deep 
soil commonly consist of a series of such 
thaw pools, ranging in depth from 3 to 6 
feet, connected by short, shallow-water 
courses. 

Pools of water, once formed, enlarge 
themselves by thawing and caving at 
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their margins (pl. 1 and fig. 2, stage 2). 
Actively caving banks consist of escarp- 
ments 3-10 feet high. Thaw proceeds 
most rapidly at water level; above lake 
level the banks commonly remain frozen 
to within 1 or 2 feet of the surface, but, 
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at the water’s edge, thaw generally ex- 
tends several feet into the bank. In 
places the shores are undercut by cavern- 
ous openings at water level, extending 
1o-15 feet horizontally beneath the 
banks. Large blocks undercut in this 
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Fic. 3.—Typical drained thaw lake, Imruk Lake area, Alaska. Note small thaw pool at A, shallow 
trenches marking sites of buried ice wedges at B, pool at intersection of ice wedges at C. The lake probably 
was emptied following the thawing of an ice wedge at D, permitting drainage into the adjoining lowland at E. 
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way occasionally collapse as units. 
Masses of floating turf, as much as 50 
feet in diameter, still covered with living 
vegetation, were seen near the margins 
of some of the lakes. 

Wave erosion of thawed banks be- 
comes an important process after the 
lakes have attained a diameter of about 
100 feet. 

The rate of retreat of actively caving 
banks varies widely. No perceptible dif- 
ference was noted between the positions 
of the shores of many of the lakes, as 
shown in aerial photographs taken in 
1946 and their positions when visited 
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during 1948. At the corner of one lake 
however, a retreat of approximately 15 
feet had taken place during the interven. 
ing 2 years. 

Thawing and caving are not limited to 
the immediate shores of the lakes. Where 
ice-wedge polygons are present in the 
banks of the lakes, the bodies of clear ice 
quickly melt out, and their sites are 
marked by gullies 2-10 feet deep, extend- 
ing 50-200 feet into the lake banks (A in 
fig. 4). 

If one or more of the ice wedges ex- 
tend from the lake shore into a near-by 
area whose surface is lower than lake ley- 
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Fic. 4.—Shallow thaw sink, Imuruk Lake area, Alaska. Gullies at A probably mark the sites of buried 
ice wedges. Note flat and marshy area resembling bottom of a typical thaw lake at B and hummocky area 


with polygonal furrows and subterranean drainage at C. 
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© el, the trenches formed upon thawing of 
» the ice wedges furnish drainage channels 
' through which the lake eventually may 
' be drained. The level of the lake shown in 


plate 1 had been lowered several feet in 
this manner at the time that the photo- 
graph was taken. The outlet (D) of the 
drained lake in figure 3 is believed to 
have originated through the thawing of 
an ice wedge extending from the lake 
bottom to the low area at E. 

Thawing and caving are active around 
only a part of the circumference of many 
of the lakes. Where caving is not an ac- 
tive process, the banks are gently sloping 
or nearly flat. Peat-forming plants, in- 
cluding Carex spp., Eriophorum angusti- 
folium, and Sphagnum mosses, cover 
such sloping banks and commonly extend 
10-100 feet into the adjoining shallow 
water. Some of the lakes appear to be 
migrating slowly because of thawing and 
caving on one shore (E, fig. 2) and filling 
by solifluction and peat accumulation on 
the opposite shore (F, fig. 2). The direc- 
tion of migration is not the same for all 
lakes in the Imuruk Lake area. Local 
topography and the direction of the 
strongest summer winds appear to be the 
chief factors in determining the relative 
positions of caving and filling on any 
given lake. 


DRAINED THAW LAKES 


Drained thaw lakes are conspicuous 
and persistent features of the landscape 
in the Imuruk Lake area. Newly drained 
lakes consist of gently undulating areas 
of bare mud. The bottom is soon colon- 
ized by Carex, Sphagnum, and Salix, 
however, and becomes a flat marsh sur- 
rounded by a low escarpment at the site 
of the former lake banks (fig. 3). Peren- 
nially frozen ground forms again in the 
lake bottom (fig. 2, stage 3). Evidence of 
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newly formed ice wedges is lacking in the 
bottoms of drained thaw lakes in the 
area, although well-developed ice-wedge 
polygons are present in the floors of 
drained thaw lakes in the floodplain of 
the near-by Kuzitrin River. The 
“rounded polygon areas” on the Arctic 
Coastal Plain of Alaska illustrated by 
Cabot (1947, figs. 5 and 6) probably rep- 
resent drained thaw lakes. 

After new perennially frozen ground 
has formed, the floors of some drained 
lakes become the sites of smaller new 
thaw lakes. Several groups of actively 
growing lakes near Imuruk Lake are sur- 
rounded by escarpments marking the 
former shores of older, larger lakes. Two 
previous cycles of thawing and caving 
are recorded 16 miles west of Imuruk 
Lake, where a group of thaw lakes is sur- 
rounded by two sets of such escarpments. 

Some of the drained thaw lakes are be- 
lieved to be very old. A tributary of 
Noxapaga River has incised itself 25 feet 
into fluviatile silts in the floor of a large 
drained lake 13 miles west of Imuruk 
Lake. The beginning of the present stage 
of down-cutting on the Noxapaga and its 
tributaries is tentatively correlated by 
the author with the beginning of the 
post-Wisconsin thermal maximum (the 
“climatic optimum’’). If this correlation 
is correct, the lake must have been 
drained at least 8,000 years ago. 

Certain thaw depressions, closely re- 
sembling drained thaw lakes, may never 
have contained a body of standing water. 
These features occur chiefly as indenta- 
tions on slopes of 2°-5°. They are round 
or oval in outline and range from 100 to 
500 feet in diameter. The bottoms gen- 
erally have a perceptible slope, locally as 
high as 4°. Slow but active caving is in 
progress at the margins of the depres- 
sions, especially along the courses of ice- 
wedge polygons. The author was unable 
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to ascertain the cause of the accelerated 
thaw which produces these depressions. 


THAW SINKS 


Scattered over areas underlain by the 
older lavas of the Quaternary basaltic 
flows is a number of crater-like sinks 
characterized by interior drainage. The 
sinks are comparable in size, shape, and 
distribution to drained thaw lakes but 
differ in the character of their floors. 
Typical drained thaw lakes have flat 
floors with essentially no local relief, 
whereas the sinks are extremely hum- 
mocky, with local relief as high as 10 feet. 

The shallower sinks consist of rela- 
tively flat-bottomed depressions lined by 
step escarpments, which probably repre- 
sent the former banks of thaw lakes. Lo- 
cally the floors may be flat and marshy, 
identical with the floors of typical 
drained thaw lakes (area B in fig. 4). In 
each of the sinks, however, at least a part 
of the floor consists of a system of polyg- 
onal furrows ranging from 3 to to feet in 
depth (area C in fig. 4). The pattern and 
the horizontal dimensions of the polyg- 
onal furrows are similar to those of ice- 
wedge polygons (compare furrows at C 
in fig. 4 with ice-wedge trenches at B in 
fig. 3). Shallow gullies in the walls of 
some of the sinks (A in fig. 4) appear to 
represent extensions of the furrows on the 
floors. 

Silty basalt soil containing few or no 
boulders is found in the walls of the 
sinks. The walls of the furrows, however, 
are composed of coarse basalt rubble in a 
matrix of silt. Clean rubble with open 
interstices is found locally in the bottoms 
of the furrows. The coarse material in the 
furrows is believed to represent frost rub- 
ble at the base of the soil zone. Figure s, 
stage 2, presents a typical cross section 
through a shallow sink. 

The deeper sinks depart more radical- 


ly from the form of typical drained thay 
lakes. The walls of these sinks slope in. 
ward rather uniformly toward a single 
steep-walled linear furrow, which con. 
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Fic. 5.—Diagrammatic cross sections illustrating 
the origin and development of a typical thaw sink. 
Stage 1 shows a thaw lake spreading toward an 
area in which ice wedges extend to the base of the 
soil zone (A). In stage 2 the deep ice wedges have 
melted out, and the lake has been drained through 
frost-rubble at the base of the resulting furrows (B). 
New perennially frozen ground has formed beneath 
part of the lake bottom. In stage 3 one of the fur- 
rows has become the dominant outlet. Considerable 
fine-grained material has been removed by streams 
from the lake bottom and redeposited in subter- 
ranean channels through which the sink is drained. 
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stitutes the deepest portion of the sink 
(pl. 2, B; and AA’, fig. 6). A diagram- 
matic cross section through a deep sink is 
given in figure 5, stage 3. Shorter, diag- 
onal furrows branch from the main fur- 
row at intervals of 50-150 feet. 

All the thaw sinks are drained through 
the open rubble in the furrows. The 
watershed of some of the sinks is limited 
by the walls of the sinks themselves, but 
other sinks receive the drainage of one or 
more streams having discharges of sev- 
eral second-feet. In all cases the stream 
eventually disappears into open rubble in 
the base of a furrow. 

Many of the sinks are occupied by 
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ephemeral lakes. The sink illustrated in 
figure 6 was visited half-a-dozen times 
during 1947. During most visits it was 
dry. At 9:00 A.M. on September 2, 1947, 
however, the central furrow was filled 
with water to a depth of ro feet (pl. 2, B). 
A line of grass and wet mud several feet 
above the water’s edge indicated that the 
water level had been even higher earlier 
in the day. At 1:00 P.M. on the same day 
the pool had drained completely, and the 
furrow was once more dry. Comparable 
bodies of standing water were not seen in 
any of the other sinks visited; but, in 
many of them, areas of bare soil, mud 
coatings on boulders, or horizontal lines 
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Fic. 6.—Deep thaw sink, Imuruk Lake area, Alaska. Note subterranean drainage into deep furrow at 
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of vegetal debris indicated the former 
presence of ephemeral lakes. 

The similarity in size, shape, and oc- 
currence of thaw lakes and shallow thaw 
sinks suggests that the sinks originate as 
thaw lakes. The furrows on the floors of 
the sinks are believed to be the sites of 
thawed ice wedges which formerly ex- 
tended from the top of the perennially 
frozen layer through the soil zone and 
into the underlying zone of frost-rubble 
(ice wedges at A in fig. 5, stage 1). The 
drainage of a thaw lake to form a thaw 
sink probably occurs when the lake ex- 
tends itself over an area of such through- 
going ice wedges. The clear ice masses 
quickly melt out beneath the lakes, leav- 
ing a void extending through the entire 
thickness of the soil zone (B in fig. s, 
stage 2); the water in the lake drains 
through the void into the underlying 
frost breccia, thence downward into solid 
but permeable basalt. 

The great depth and the funnel-like 
shape of the thaw sink (fig. 5, stage 3) 
represent modifications of the original 
thaw lake which could be achieved only 
by the removal of considerable material 
from the floor. It is estimated that at 
least 8,500 cubic yards of soil were re- 
moved from an originally flat-floored 
thaw lake during the development of the 
thaw sink illustrated in figure 4. The 
missing material in this and other sinks 
must have been removed by the small 
streams entering the ground at the bot- 
toms of the sinks, and redeposited some- 
where in the subterranean channels 
through which the sinks still continue to 
be drained. 

The ephemeral lakes probably origi- 
nate in several ways. In some sinks, 
water probably accumulates when mud 
slumps from the walls of the furrows and 
covers the open spaces through which the 
sinks are drained. Sedimentation in the 
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drainage channels by currents overloaded 
with silt is a possible cause of stoppage of 
water flow in other sinks. In still other 
sinks the drainage channels probably fill 
with ice during periods of diminishing 
flow in the late fall; a lake then accumv- 
lates in the spring until the channels are 
again thawed. 


CONCLUSIONS 


The thaw lakes of the Imuruk Lake 
area originate because of differences in 
the thermal conductivity of natural ma- 
terials, including peat, mineral soil, and 
water, in a region of perennially frozen 
ground. Inasmuch as perennially frozen 
ground is found in the floors of drained 
thaw lakes and thaw sinks, one is not 
justified in assuming that the presence of 
thaw lakes and sinks in any particular 
area indicates that the frozen ground of 
the area is an unstable relic of a former, 
colder climate. The presence of the lakes 
simply reflects the occurrence of a thaw- 
ing season sufficiently long or warm to 
produce important differences in the 
depth of thaw in and beneath bodies of 
peat, mineral soil, or water. 

The widespread occurrence of sub- 
terranean drainage in the Imuruk Lake 
area indicates, however, that the present 
great thickness of perennially frozen 
ground is unstable and that the present 
climate is capable of producing only a 
much smaller thickness of frozen ground 
than now exists. Subterranean drainage 
is possible only if ice is absent from the 
open spaces which act as drainage chan- 
nels. Small streams entering the ground 
during the summer probably are capable 
of maintaining open channels in rocks in 
which the temperature remains below 
freezing throughout the season; with fall- 
ing discharge in the fall, however, chan- 
nels in subfreezing zones can be expected 
to be clogged with ice; when flow ceases, 
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the channel should be completely filled. 
The occurrence and persistence of wide- 
spread subterranean drainage in the 
Imuruk Lake area indicates the existence 
of widespread thawed zones within the 
deeper parts of the perennially frozen 
layer, which, in turn, suggests that the 
deepest part of the frozen zone is un- 
stable and gradually thawing in the pres- 
ent climate. 

The recognition of thaw features in the 
field and on aerial photographs is useful 
in engineering and in  water-supply 
studies. Considerable subsidence can be 
expected in areas in which thaw lakes, 
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sinks, or depressions are present if the 
surface vegetal mat is disturbed or if the 
ground is heated beneath poorly insu- 
lated buildings. Thaw sinks indicate the 
presence of thawed zones in a permeable 
substratum in which some supply of 
ground water can be expected. 


ACKNOWLEDGMENTS.—Many of the ideas 
presented in this paper are products of discus- 
sions with R. F. Black and Dr. Kirk Bryan 
and with the author’s assistants, E. H. Mul- 
ler, A. T. Fernald, R. S. Sigafoos, and J. S. 
Seitz. Grateful acknowledgment is made to Dr. 
R. R. Shrock and E. C. Robertson for their care- 
ful criticism of the manuscript. 


REFERENCES CITED 


Casot, E. C. (1947) The northern Alaskan Caastal 
Plain interpreted from aerial photographs: Geog. 
Rev., vol. 37, pp. 639-648. 

LEFFINGWELL, E. DE K. (1909) The Canning River 
region, northern Alaska: U.S. Geol. Survey Prof. 
Paper 109. 


TABER, STEPHEN (1943) Perennially frozen ground 
in Alaska: its origin and history: Geol. Soc. 
America Bull. 54, pp. 1433-1548. 

Wa tace, R. E. (1948) Cave-in lakes in the Na- 
besna, Chisana, and Tanana river valleys, east- 
ern Alaska: Jour. Geology, vol. 56, pp. 171-181. 


ed 

of 
ler 
ng 
u- 
re 
in 
a- » 
id 

ot 
of 
ur 
of 
a 
y~ 
0 
e 
of 
> 


A POSSIBLE FOSSIL ICE WEDGE IN BUREAU COUNTY, ILLINOIS: 


LELAND HORBERG 
University of Chicago 


ABSTRACT 


A wedge-shaped projection of early Wisconsin till into underlying Farmdale loess indicates that the ice 
advanced over periglacial frozen ground and that a crack, possibly formed by melting of a ground-ice wedge, 


became filled with till. 


INTRODUCTION 


Ice wedges are well-known features in 
present areas of perennially frozen ground 
(Leffingwell, 1915, pp. 635-654; 1919, 
pp. 205-212; Taber, 1943, pp. 1510- 
1516), and casts of ice wedges now filled 
with sediment are described from perma- 
frost areas in Alaska (Taber, 1943, pp. 
1493-1495, pls. 15 and 16) and Baffin 
Land (Patterson, 1940, pp. 99-102). 
Similar structures in Pleistocene deposits 
have been interpreted as fossil ice wedges 
formed under former periglacial condi- 
tions. They are described from numerous 
localities in Europe (Soergel, 1936, pp. 
223-247; Patterson, 1940, pp. 102-107; 
Weinberger, 1944, pp. 539-544; see the 
latter paper for additional references) 
and from one area in New England 
(Denny, p. 338, figs. 6 and 7). Leffing- 
well (1919, pp. 205-212, 223-224) attrib- 
uted the growth of ice wedges to enlarge- 
ment of original shrinkage cracks by slow 
growth of ground-ice, and most later 
writers have adopted this view. Taber 
(1943, pp. 1519-1527), however, argued 
against this interpretation and proposed 
that they were formed simply as segrega- 
tions of ground water during downward 
freezing. 

The structure described in the present 
paper is of interest because of the seem- 

* Published with the permission of the Chief, 


Illinois State Geological Survey. Manuscript re- 
ceived October 20, 1948. 
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ing rarity of these features in the United 
States and because it appears to be the 
first structure described in which till, 
rather than loess or water-laid deposits, 
constitutes the wedge filling. 

The till wedge is exposed in a stream 
cut along a small south tributary of 
Brush Creek in southeastern Bureau 
County, about 2 miles northwest oi 
Depue, Illinois (NW. 4, SW. 4, SE. j, 
Sec. 28, T. 16 N., R. 10 E.; Hennepin 
quadrangle map). The exposure lies well 
within the area covered by Wisconsin 
drift near the inner margin of the Crop- 
sey moraine (fig. 1). Ice movement dur- 
ing Wisconsin glaciation was westward, 
more or less normal to the exposed sec- 
tion. Streams in the area have eroded 
through the Wisconsin till sheet and ex- 
posed underlying Iowan loess, Farmdale 
loess and silt, Sangamon soil, and II- 
linoian drift. 


DESCRIPTION 


The Pleistocene section in which the 
till wedge is exposed is described in table 
1. The upper till is identified as Bloom- 
ington-Normal drift on the basis of its 
maroon color, which is characteristic of 
these deposits throughout western and 
central Illinois. Cropsey drift, the sur- 
ficial deposit of the area, does not appear 
in the section but occurs higher up the 
slope. 

The toothlike wedge of Wisconsin till 
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Fic. 1.—Glacial map of northeastern Illinois, showing location (x) of till wedge exposure. Map"compiled 
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projects downward into the Farmdale 
loess on an essentially vertical face and is 
about 23 feet long and 8-12 inches wide 
(fig. 2 and pl. 1).? The outlines of the 
wedge are angular and clearly are deter- 
mined by joints in the enclosing loess. 
The till is uniformly massive and has a 


TABLE 1 
PLEISTOCENE SECTION ON BrusH CREEK 
Thickness 
(Feet) 


Recent soil and slope wash 
Silt, with gravelly layers at base, yellow 3 
Pleistocene series 
Wisconsin drift (Bloomington-Normal) 

Till, calcareous, yellow-gray......... 6 

Sand and gravel, silty, calcareous, yel- 
3 

Till, calcareous, maroon, dense..... . 4 

Farmdale loess (early Wisconsin or late 
Sangamon) 

Silt, noncalcareous, greenish-gray; 
weathers maroon-gray to brown; 
humus in irregular discontinuous 
layers and flakes; broken gastropod 
shells; hard, dense, jointed; sharp 
contact at top, grades into silttil be- 
low; penetrated by wedge of over- 

Illinoian drift 

Silttil, noncalcareous, reddish-brown; 
silicious residuals and ghosts of 
pebbles, friable; Horizon 2 of Sanga- 


Till, noncalcareous, yellowish-gray, 
mottled: Horizon 3.............. 3 

Till, calcareous, yellowish-gray; Hori- 

Till, calcareous, dark lead-gray...... I 


blocky appearance due to jointing. In 
places thin seams of till intrude fractures 
in the loess. The loess is dense, but an 
intricate fracture system is revealed by 
iron-stained joints and inconspicuous 

2 The description is based on observations made 
during August, 1946. In September, 1948, the ex- 
posure face had receded, so that the wedge was re- 
duced to a length of 14 feet, with some change in its 
outlines. 
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breccias composed of loess fragments, 
which differ slightly in color. Gastropod 
shells in the loess are broken and frag. 
mented. 

It is probable that the upper part of 
the wedge was removed by glacial erosion 
and that the structure originally pene- 
trated a thin layer of Iowan loess over- 
lying the Farmdale loess. The thickness 
removed, however, was probably less 
than 5 feet, as the thickness of the Farm- 
dale loess in the section is essentially 
normal for the area. 


INTERPRETATION 


The relations indicate that a fracture 
in frozen loess formed in the periglacial 
zone of the Bloomington-Normal glacier 
and became filled with till either during 
or shortly after glaciation. It is unlikely 
that an open fracture could be overridden 
by ice and filled with till except in solidly 
frozen ground; and, if the fracture were 
ice-filled, frozen ground would be im- 
plied. This condition is indicated also by 
the widespread preservation of thin 
Iowan and Farmdale loess deposits be- 
low the Wisconsin drift throughout the 
periphery of this drift sheet in Illinois 
(Horberg, 1947). These deposits have an 
average combined thickness of less than 
10 feet, and it is improbable that they 
could have survived glaciation except as 
frozen ground. 

Four possible modes of origin for the 
original opening may be suggested: (1) 
ice shove, (2) glacial plucking, (3) shrink- 
age due to contraction of frozen ground 
with lowered temperatures, and (4) melt- 
ing of a ground-ice wedge. The fracturing 
in the loess suggests ice shove, but such 
characteristic features as thrust blocks 
and inclusions of underlying materials in 
the basal till are absent. Other than the 
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Till wedge in Farmingdale loess 
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wedge itself, there is no indication of gla- 
cial plucking. Fractures opened by 
shrinkage alone, without enlargement by 
growth of ice wedges, appear to be too 
small to meet requirements (Taber, 1943, 
p. 1521). The first three suggestions all 
raise the problem of how an open fracture 
could survive glaciation without disrup- 
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and overlying ground moraine intruded 


the opening. 

The till wedge differs from many fossil 
ice wedges in the absence of marginal 
segregations in the fill and the lack of 
folding in the enclosing sediments. This 
may be explained in part by the un- 
bedded character of both the till and the 


tis 
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Fic. 2.—Sketch of till wedge, showing stratigraphic relations. Qi, Illinoian silttil; Qls, Farmdale loess; 
Qwt, Wisconsin till; Qwo, Wisconsin outwash; Qal, slope wash. 


tion and become filled with till. To postu- 
late an opening formed by the melting of 
an ice wedge is much less objectionable, 
in that the fracture would be filled with 
ice during glaciation and the till cast 
would not be formed until after glacial 
retreat, as the ice wedge slowly melted 


loess. Also, it appears that folding is not 
conspicuous in the stratified sediments 
enclosing some of the Alaskan wedges 
(Taber, 1943, pls. 16 and 17). The size 
and shape of the till wedge compares 
closely with the structures described 
from Alaska and Europe. 
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ROCK-FRAGMENT SLOPES CAUSED BY PAST FROST ACTION 
IN THE JURA MOUNTAINS (AIN), FRANCE" 


SHELDON JUDSON 
University of Wisconsin 


ABSTRACT 

Partially cemented slopes composed of coarse angular limestone fragments and exhibiting a loose “‘open- 
work” texture are described from a portion of the valley of the Ain River in the southern Jura Mountains of 
France. These slopes are no longer forming but are undergoing erosion by slope wash, creep, and minor 
sliding. Intense frost action during one or more substages of the last or Wiirm glaciation is considered to have 
been the dominant process in their development. 


GENERAL STATEMENT however, than the rock-fragment slopes 
and are not here considered. 


The accumulation of rock-fragments 
on slopes and in detrital cones is a com- TERMINOLOGY 
mon and striking feature of the landscape 
in the southern Jura Mountains of east- 
ern France.? These slopes, no longer 
forming under the present climatic re- 
gime of the region, were formed under 
conditions which prevailed in the imme- 
diate geologic past. 

Rock-fragment accumulations have 
been observed over a wide area, including 
the southern Jura and western Switzer- 
land. Detailed inspection has been con- 
fined, however, to that part of the De- 
partment of Ain within the Jura Moun- 
tains and more particularly to the drain- 
age of the Ain River before it leaves the 
mountains and joins the Rhone River in 
the plains of Lyon. As argued below, 
these slopes are essentially a product of 
intensive frost action of the past. Other 
phenomena, including gentle solifluction 
slopes and landslides, also record this 
past climate. They are less spectacular, 


The material comprising the slopes is 
locally termed éboulis, a French noun 
meaning “‘debris,” or “fallen rocks.” The 
slopes are often referred to as “‘éboulis 
slopes,” “detrital cones,” or “cones of 
dejection.” Cailleux (1948) uses éboulis 
ordonnés for similar deposits. The major 
components of these slopes are angular 
fragments, broken from outcrops of Ju- 
rassic limestone by frost action and 
moved downslope. As such they may be 
grouped under the general term “‘con- 
gelifract,”” a word proposed by Bryan 
(1946) to include angular rock fragments 
produced by frost action. ““Congelifract”’ 
is used in the following paragraphs to 
designate the individual fragments with- 
in the slope, and “congelifractate slope”’ 
is applied to the topographic form result- 
ing from the accumulation of masses of 
rock fragments or congelifracts. 


DESCRIPTION OF SLOPES 


‘ Manuscript received October 14, 1948. 


? The observations here recorded were made dur- EXTERNAL FEATURES 


ing the summer of 1948, while the writer, in the com- , ree 
pany of Professor Kirk Bryan, Harvard University, The congelifractate slopes are distrib- 
was investigating the geologic antiquity of a late yted along the walls of major valleys 
Paleolithic archeological site (Abri-sous-Roche de la : . 4 
along side streams, gulches, and ravines, 


Colombiére) near Poncin, Ain, France, on the Ain . 
and around the flanks of many hills. 


River. 
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Even the steeper portions of the slopes 
support a natural vegetation or are put 
into cultivation. All must have been cut 
over one or more times in the past, and 
today many are covered with bushes or 
second-growth trees. This growth may 
cover the slopes in whole or, if they are 
used for pasture, at least in part. Vine- 
yards have been planted on many slopes, 
and a grove of walnut trees is found on 


valley wall or hillside. In other places the 
debris slopes may extend along the foot 
of a bare rock cliff as a great sheet of 
rubble with no distinct apex. Most debris 
cones exhibit a minor bench or shelf at 
their upward limits along the adjacent 
bedrock. At some localities the congeli- 
fractate slopes are compound, as illus- 
trated in figure 1. Remnants of an old 
slope, now partially eroded, stand out in 
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Fic. 1.—Schematic cross section of multiple rock-fragment slopes in the Ain Valley, 1 km. south of 


Merpuis. 


one of the steeper slopes near the site of 
La Colombiére. In several cases the 
slopes are almost completely bare, with 
only a few scattered bushes and a sparse, 
discontinuous cover of grass. 

Without exception, the deposits dis- 
play an intimate relation to the bedrock, 
which crops out upslope and in the past 
provided the masses of congelifracts 
which form the slopes. The simple form 
tends to be fan-shaped and radiates 
downslope from an apex which butts 
against a bedrock outcrop. Commonly, a 
series of such fans may coalesce along a 


front of a more recent and only slightly 
dissected slope. 

Steepness of slope is characteristic. 
Figure 2 illustrates profiles of five slopes 
surveyed by plane table at the rock shel- 
ter of La Colombiére. They are plotted 
to a common base, with a vertical exag- 
geration of twice the horizontal scale. 
The slopes are concave to the sky and 
range in mean grades between 17 (93°) 
and 4o per cent (22°). Although no other 
quantitative data are available on the 
grade of congelifractate slopes in this 
area, it seems probable that they average 
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between 30 and 35 per cent (163° and 
19°). Many give the impression of having 
much steeper grades, an impression un- 
doubtedly due to the fact that one is im- 
mediately struck by the steep upper por- 
tions of the feature, while the gentler 
grades downslope go unnoticed. 


INTERNAL FEATURES 


The éboulis, the rock fragments com- 
posing the congelifractate slopes, are char- 
acteristically angular pieces derived from 
the bedrock outcrops immediately up- 
slope. They vary in size from approxi- 
mately 1 inch to 5 or 6 inches in maxi- 
mum diameter and display a rude sort- 
ing. The resultant bedding tends to ap- 
proximate the angle of slope of the mod- 
ern detrital cone, although erosion sub- 
sequent to deposition has, in many 
places, cut the bedding at a low angle. 
Large boulders, up to 2 or 3 feet in di- 
ameter and derived from outcrops above 
the slopes are scattered through the 
masses of congelifracts. At some locali- 
ties a few rounded river pebbles are pres- 
ent in the rubble. Their presence is at- 
tributed to the destruction of high-level 
terraces during the formation of the con- 
gelifractate slopes and the subsequent 
inclusion in the rubble beds of some of 
the component parts of the terrace de- 
posits. 

One of the most common and striking 
features of the internal structure of the 
congelifractate slope is the relatively low 
content of the finer-grade sizes. The pro- 
duction of such a great mass of rubble as 
is represented in the congelifractate slope 
must have resulted in a fairly high per- 
centage of finer fragments. They are not 
now present, and it seems reasonable 
that they were removed penecontem- 
poraneously with the deposition of the 
congelifractate beds. Abundant supplies 
of surface water during the periglacial 


conditions which surrounded the forma- 
tion of the éboulis beds would serve as a 
mechanism for the removal of the finer 
particles. Whatever the reason for the 
removal of fine fragments, their absence 
results in voids between adjacent indi- 
vidual congelifracts. This lack of inter- 
stitial filling produces a characteristic 
“openwork”’ texture in the slope deposit, 
as shown in the photograph in plate 1. 
Some fine material does exist in the 
form of silt- and clay-sized particles and 
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Fic. 2.—Profiles of rock-fragment slopes sur- 
veyed at the site of La Colombiére, near Poncin. 
Mean grades in percentages and degrees. Vertical 
exaggeration 2X. 


is thought to be the reflection of soil proc- 
esses operating after the deposition of the 
congelifracts. These same soil processes 
impart to any given exposure a general 
yellow to yellow-brown color. However, 
a discontinuous zone of white, powdery 
lime carbonate, 172 feet thick, is present 
somewhat below the modern surface. 
This zone is followed by additional yel- 
low to yellow-brown staining, which 
penetrates through the carbonate zone. A 
few inches of gray to gray-black modern 
soil form the upper limit of the deposit. 

Varying amounts of cementation by 
calcium carbonate are found within the 
slopes. In some places cementation is so 
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complete that the interstices between 
rock fragments are completely filled and 
a breccia is formed. More commonly the 
slope deposits are cemented only enough 
to permit the éboulis to stand at a high 
angle in artificial cuts and to prohibit 
extensive and rapid gullying in the 
slopes. 


PRESENT-DAY ACTION ON ROCK- 
FRAGMENT SLOPES 


Intervention by man has modified the 
congelifractate slope in minor details. 
Gravel pits for road metal and fill, as well 
as road cuts, provide many excellent ex- 
posures but also contribute to instability 
of the slope. These artificial cuts, along 
with the partial destruction of the vege- 
tative cover by grazing, cultivation, and 
deforestation, have exposed the slopes to 
present-day erosion. The processes active 
today consist of essentially minor sliding, 
creep, and slope wash. Little new mate- 
rial is being added to the slopes, and 
modern movement is confined to the 
downward translation of previously de- 
posited congelifracts. 

Movement is restricted to a thin sur- 
face zone, 1-3 inches thick. Here the cal- 
cium carbonate cement has been dis- 
solved by recent soil processes or by rain 
wash, or the congelifracts have been loos- 
ened by the hoe and foot of man or the 
trampling of grazing goats and sheep. 
The activity of man and animal pro- 
motes the downward sliding of the con- 
gelifracts so loosened. Furthermore, rain 
wash also operates on bare slopes. Where 
they have been abandoned, heavy rains 
form broad, shallow runnels. The smaller 
fragments tend to move downslope, leav- 
ing behind the coarser congelifracts in 
the channels. 

The present movement cannot be con- 
sidered analogous to the processes which 
produced and deposited the rubble form- 
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ing the rock-fragment slopes. At no place 
are rock fragments comparable to those 
within the slopes forming today. It is true 
that large blocks still fall from near-ver- 
tical cliffs. The small rock fragments, 
however, have a different aspect from 
those of the slope deposits. They are es- 
sentially thin plates or flakes which scale 
off the bedrock outcrops and are not the 
sharp, angular fragments of the con- 
gelifractate slopes. That the slopes are 
not forming today is also evidenced by 
the narrow shelf or bench found at the 
upward limit of many slopes next to the 
bedrock outcrop. This must be a second- 
ary feature formed by erosion after the 
formation of the debris cones and under 
conditions approximating those of today. 
Furthermore, in many places where cuts 
expose the internal structure of the de- 
posit, the modern surface is seen to 
truncate the rude bedding of the con- 
gelifracts. 


RELATION OF SLOPES TO THE 
TERRACES OF THE AIN 


The Ain River breaks out of the Jura 
Mountains into an ever broadening, flat- 
floored valley at Neuville about 1 km. 
west of the site of La Colombiére. From 
this point a series of four terraces has 
been traced in detail upstream along the 
Ain and its tributary, the Oignin, as far 
as the glacial moraine just west of Lake 
Nantua.’ Rock-fragment slopes are grad- 
ed to all but the lowest, or 3—6-meter, 
terrace. The third highest, 23-28 meters 
above present stream grade, is known to 
be related to the outwash plain of the ice 
which formed the Lake Nantua moraine. 
At the archeological site a deep excava- 

3 This terrace study and the observations of the 
relation of the congelifractate deposits to the 23- 
meter terrace at La Colombiére form a part of the 


geologic study of the archeological site by Bryan and 
Judson. 
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“Open-work” texture of rock-fragment slope 
at southwest end of Lake Nantua. 
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ROCK-FRAGMENT SLOPES IN THE JURA MOUNTAINS 


tion into this glacial terrace demon- 
strated an intimate relation between the 
water-laid terrace deposits and the con- 
gelifractate deposits. Angular limestone 
fragments derived directly from the back 
wall and roof of the shelter interfinger 
with the sands and gravel beds within the 
terraces. Furthermore, beds within the 
congelifractate slopes on either side of 
the shelter show continuity with rock- 
fragment zones contemporaneous with 
the final stages of terrace deposition. 
These relationships bear closely on the 
conditions prevailing during the develop- 
ment of congelifractate slopes. 


PROCESS OF SLOPE FORMATION 


Rock-fragment slopes are not forming 
at present in the area studied and are 
undergoing erosion by processes differing 
from those which originally formed them. 
What, then, were the conditions and en- 
vironment which formed the slopes? 

The most convincing evidence that the 
slopes record a periglacial climate of in- 
tense frost action lies in the relation be- 
tween these slopes and the river-laid de- 
posits of a glacial terrace. Thus, at the 
site of La Colombiére, congelifractate 
deposits interfinger with glaciofluvial 
sand and gravel. Here, also, beds within 
the debris cones are continuous with 
congelifractate zones involved in the final 
phases of glaciofluvial deposition. Fur- 
thermore, congelifractate slopes along 
the Ain are graded to two glacial terraces 
and one periglacial terrace. 

The nature of the material comprising 
the slopes also points to a periglacial 
origin for the slopes. The angular rock 
fragments are no longer forming today. 
They have obviously been derived by 
rapid and violent mechanical breakdown 
of local limestone outcrops. Intense frost 
action is the only effective mechanism 
which can be invoked. Alternate freezing 
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and thawing during a periglacial or gla- 
cial climate would easily account for the 
production of coarse rock fragments from 
a dense, somewhat fractured limestone. 
The downslope movement of these frag- 
ments would be accomplished largely by 
gravity. But the grade of the slopes, even 
when the effects of modern erosion are 
considered, is lower than that of slopes 
produced under simple gravity move- 
ment. Rain wash must also have played 
an important role. Under the periglacial 
climate which obtained during slope for- 
mation, there is no reason to assume a 
rainfall less than that of today, which is 
about 40 inches a year. It may very pos- 
sibly have been somewhat greater. The 
effectiveness of slope wash is difficult to 
evaluate. Nevertheless, it is effective to- 
day, and there is no reason to suppose 
that it was not so in the past. Further- 
more, if the interior of the slopes were 
frozen and interstitial voids were ice- 
filled, remaining so during surface thaws, 
the slope wash could not escape through 
the normally porous masses of congeli- 
fracts but would be confined to the upper 
few inches or feet of thawed material. 
This concentration of water would be 
most effective in modifying a gravity 
slope. In addition, it would carry away 
all but the coarsest material produced 
during congelifraction. The continuation 
of this process during the construction of 
the debris cones would explain not only a 
grade lower than that of a gravity slope 
but also the absence of fine material and 
the consequent presence of openwork 
texture within the congelifractate slopes. 


AGE OF SLOPES 


The major climatic prerequisite for the 
development of the rock-fragment slope 
is alternate freezing and thawing in a 
glacial or periglacial climate, as sug- 
gested by Cailleux (1948) for his éboulis 


; 
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ordonnés. As such, it is probable that 
rock-fragment slopes characterized each 
advance of the ice during the Pleistocene. 
The slopes observed, however, are prod- 
ucts of the late Pleistocene. Presumably, 
earlier slopes have long since been de- 
stroyed or are present only as fragments 
buried beneath later accumulations of 
congelifracts. The debris cones described 
above are no older than the glacial and 
periglacial terraces of the Ain, which are 
considered to date entirely from the last 
or Wiirm glaciation. Field work during 
the summer of 1948 has led Bryan and 
Judson to the conclusion that the Wurm 
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is multiple in this area. The slopes of the 
Ain drainage probably owe most of their 
present expression to the ice advance of 
Wiirm III; but many slopes were un- 
doubtedly initiated during the preceding 
ice advance, or Wiirm II, the final phases 
of which are believed to be represented 
by the moraine at Lake Nantua. 
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STONE NETS, STONE STRIPES, AND SOIL STRIPES IN 
THE WIND RIVER MOUNTAINS, WYOMING' 


GERALD M. RICHMOND 
United States Geological Survey 


ABSTRACT 


Stone nets, stone stripes, and soil stripes have formed on high, flat erosion surfaces at altitudes ranging 
from 11,200 to 13,000 feet in the Wind River Mountains, Wyoming. Although the frost-heave theory of 
Higbom is accepted as accounting for the segregation of coarse material at the surface of ground which has 
undergone alternate freezing and thawing, certain weaknesses in this theory and in other theories for the 
origin of stone nets cause them to be unsatisfactory as explanations of those structures in the Wind River 
Mountains. A theory is developed in which alternate contraction and expansion of frozen ground, under a 
range of subfreezing temperatures, may produce a net of fractures bounding polygonal areas of frozen ground. 
Ice wedges form in these fractures and enlarge with successive contractions of the frozen ground. On even- 
tually thawing from the top down, the wedges are gradually replaced by coarse fragments from the upper 


part of the central polygonal area. 


Most of the stone stripes are considered to be the result of solifluction acting on stone nets. 
Little definite evidence concerning the age of the soil structures in the Wind River Mountains is available. 
The stone nets appear to be inactive at present. Solifluction movement is seasonally active in the soil stripes 


and possibly in some of the stone stripes. 


INTRODUCTION 


Stone nets, stone stripes, and soil 
stripes have developed in the mantle rock 
on extensive high-level erosion surfaces 
which occur at the northwestern end of 
the Wind River Mountains of west-cen- 
tral Wyoming. These features are soil 
structures which occur in regions known 
to be, or to have been, subject to cold 
climates. Stone nets are three-dimension- 
al polygonal structures, each composed 
of a center of fine material bounded by a 
border of coarse rock debris. Stone 
stripes are bands of fine rock debris 
which alternate with channels filled with 
coarse rock fragments and are oriented 
parallel to the direction of steepest slope. 
Soil stripes are similar to stone stripes 
except that the texture of both coarse 
and fine material is considerably finer 
than in stone stripes. 


‘Published by permission of the Director, 
United States Geological Survey. Manuscript re- 
ceived October 4, 1948. 


TOPOGRAPHIC SETTING 


The Wind River Mountains are char- 
acterized by a central divide of high 
peaks, culminating in Gannett Peak, 
which has an altitude of 13,787 feet. 
Flanking the divide at the north end of 
the range are extensive remnants of a 
summit erosion surface, which rises to- 
ward the divide and is at altitudes of 
from 11,200 to 13,000 feet. Elsewhere 
throughout the range, a subsummit ero- 
sion surface is well preserved at altitudes 
ranging from 9,000 to 10,500 feet. Both 
surfaces are pediment-like in character 
and, for the most part, are cut on pre- 
Cambrian crystalline rocks, though tilted 
Paleozoic strata are beveled by both 
surfaces at the northwest end of the 
range. Both surfaces are of Tertiary age. 

During Pleistocene time the Wind 
River Mountainswere extensively glaciat- 
ed, and over forty active glaciers still 
exist in the shelter of the high peaks 
along the Continental Divide. The larg- 
est of these is 3} miles long. Most of the 
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remnants of both summit and subsum- 
mit erosion surfaces were modified by 
glacial action. However, at the north- 
western end of the range a few fairly ex- 
tensive remnants of the summit erosion 
surface project above the upper limits of 
glaciation, and it is on these remnants 
that the soil structures (nets and stripes) 
have formed. 


RELATION TO GLACIATED AREAS 


The soil structures have formed jp 
mantle rock at altitudes of from 11,200 to 
13,000 feet. They occur above present 
permanent snowline, which is at about 
10,800 feet, and for the most part above 
the upper limits of Pleistocene glaciation, 
Areas in which soil structures occur are 
indicated in figure 1. These areas are 
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Fic. 1.—Index map of areas of stone nets, stone stripes, and soil stripes at north end of Wind 


River Mountains, Wyoming. 
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parts of flat to gently sloping remnants 
of the summit erosion surface into which 
cirques have cut headward. They are un- 
glaciated and lack the depressions and 
irregularities, such as tarns or roches 
moutonnées, that are common to those 
parts of the summit surface that have 
been covered by ice. Instead, they are 
covered by an extensive mantle rock or 
felsenmeer composed of sharply angular 
fragments which exhibit neither the 
markings nor the shape of typical “gla- 
ciated’ stones and are derived entirely 
from the underlying bedrock. Felsenmeer 
is almost entirely lacking on those parts 
of the surface that were covered by 
Pinedale ice and is very much thinner on 
those parts covered by Bull Lake or 
Buffalo ice. The terms Buffalo, Bull 
Lake, and Pinedale refer to the three 
stages of Pleistocene glaciation in the 
Wind River Mountains as defined by 
Blackwelder (1915) and revised as to de- 
tails by Richmond (1948). Buffalo is the 
oldest of these stages and Pinedale the 
youngest. 

The area northwest of Downs Moun- 
tain (area 3, fig. 1) is an exception to this 
general picture, in that it is near the head 
of a shallow basin that is considered to 
have been a nivation area above the 
large complex cirque that lies to the west. 


RELATION TO BEDROCK 


Stone nets and stone stripes are found 
in areas 1~5 (fig. 1). In area 1, southwest 
of Simpson Lake, they are developed on 
unglaciated slopes in felsenmeer derived 
from the Cambrian Flathead quartzite, 
a hard, slabby, arkosic quartzite which 
breaks up into flat, angular fragments 
and which, on weathering, decomposes 
into arkosic sand with small amounts of 
silt and clay. 

In areas 3, 4, and 5, stone nets and 


STONE NETS, STONE STRIPES, AND SOIL STRIPES 


145 


stone stripes are found on granite gneiss, 
which is not strongly foliated and which 
breaks up into chunky angular blocks. 
The granite gneiss underlying area 2 is 
strongly banded and consequently breaks 
up into slabby and elongate fragments. 
The fine concentrates of the structures in 
areas 2, 3, 4, amd 5 are composed of 
coarse arkosic sand; silt and clay form a 
relatively small fraction of the total fines, 
but a greater fraction than in those struc- 
tures produced on the Flathead quartzite 
in area I. 


STONE NETS 


The stone nets in the Wind River 
Mountains are polygonal structures 
which form a regular netlike arrangement 
over areas as much as a mile in extent 
(pl. 1, A). They occur on slopes of 4° or 
less; and, as the slope steepens, they 
gradually lose their polygonal shape and 
become elongated until they merge into 
stone stripes. 

The stone nets have from four to six 
sides and are 5~7 feet in diameter. Each 
structure consists of a central mass, here- 
in referred to as the “‘center,’’ which is 
2-4 feet across and which contains fine 
angular gravel, sand, and silt, with a 
little clay and a scattering of larger rock 
fragments. Around the center is a chan- 
nel-like border, 18 inches to 2 feet wide, 
which is filled with angular rock frag- 
ments, 4 inches to 2 feet in diameter. The 
fragments are loosely packed in an un- 
stable position and in many cases are 
oriented with their longer axes vertical. 

In transverse profile the centers are 
flat to slightly convex upward. The bor- 
ders are at essentially the same level as 
the outer edge of the centers, though 
many of the rock fragments in the bor- 
ders project well above the highest part 
of the centers. In vertical cross section 
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the fine material of the centers becomes 
coarser downward and, in the three 
places examined, grades into an unsorted 
mixture of coarse and fine mantle rock, 
1 or 2 feet above bedrock at a depth of 
approximately 3 feet. The coarse mate- 
rial in the borders in the three places ex- 
amined extends to a depth of about 2 
feet, where it rests with sharp contact on 
unsorted mantle rock only a few feet 
above bedrock. 

The fine material in the centers of the 
stone nets is covered by a vegetation mat 
of grasses and plants common to the al- 
pine zone. The rock fragments in the bor- 
ders are lichen-covered on their exposed 
surfaces, but there is no_ interstitial 
vegetation. 


STONE STRIPES 


The stone stripes in the Wind River 
Mountains consist of bands of fine ma- 
terial which alternate with channels filled 
with coarse rock fragments and are 
oriented parallel to the direction of steep- 
est slope (pl. 1, B). They occur on slopes 
of 4°-15°. The bands of fine material are 
from 2 to 4 feet wide, and the material in 
them is similar in size and shape to that 
in the centers of the stone nets. The chan- 
nels of coarse rock fragments are slightly 
narrower than the adjacent bands of fine 
material, and the accumulation of frag- 
ments is similar in every respect to that 
in the borders of the stone nets. 

In transverse profile the bands of fine 
material are relatively flat, and the 
coarse material in the adjacent channels 
rises 6-12 inches above them. In vertical 
cross section the material in the bands of 
fine segregate becomes coarser downward 
and merges into unsorted mantle rock 
composed of a mixture of coarse and fine 
material at depths of from 2 to 3 feet. 
The coarse fragments in the channels are 
loosely packed and in an unstable posi- 


GERALD M. 


RICHMOND 


tion. Slabby blocks are commonly ori- 
ented with their longer axes vertical. The 
coarse segregate extends to a depth of 
about 2 feet and rests with sharp contact 
on unsorted mantle rock a few feet above 
bedrock. At the bottom of the channels 
the rock fragments were, in two cases, 
embedded in sandy material. Water de- 
rived from melting snow was observed to 
be trickling along the bottom of the 
channels in early July, an indication that 
they serve as drainage outlets. 

Sparse vegetation was observed on 
some of the bands of fine material, which 
is loosely compacted and soggy. Lichens 
cover the outer surface of the coarse frag- 
ments in the channels. 

On slopes steeper than 15°, stone 
stripes merge into broad stone streams, 
which at the surface are composed most- 
ly of angular rock fragments from 6 
inches to 2 feet in diameter but, at a 
depth of about 1 foot, contain consider- 
able material, which ranges in size from 
fine gravel to silt. Short stone streams 
occur northwest of Downs Mountain. 
Washburn (1947, p. 93) has termed simi- 
lar features “‘solifluction streams” and 
interpreted their movement as due to 
solifluction and creep. Where the slope 
flattens below an area of stone stripes, 
these structures do not revert to stone 
nets. At area 1, southwest of Simpson 
Lake, stone stripes derived from elon- 
gated stone nets encroach over an essen- 
tially flat area at the foot of the slope. 
In places they have merely advanced a 
few yards and apparently come to rest. 
In other places, where the supply of ma- 
terial moved down the slopes was greater, 
they merge into a shallow sheet of rock 
debris, which spreads out over the flat 
area. The material at the surface of this 
sheet is predominantly coarse rock frag- 
ments, but fine material fills the inter- 
stices at depths of less than 1 foot. 
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= A, Stone stripes developed on Flathead sandstone southeast of Simpson 
g- Lake (Area 1, fig. 1). 


- B, Stone nets developed on granite gneiss at head of Roaring Fork (Area 2, 


fig. 1). 
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SOIL STRIPES 


Soil stripes were found only at area 6, 
at 11,400 feet on a flat to gently sloping 
unglaciated divide northeast of Saltlick 
Mountain. Here soil stripes are formed 
in arkosic debris derived from a deeply 
weathered porphyritic granite. They 
consist of bands of fine sand, silt, and 
clay which alternate with shallow chan- 
nels filled with coarse arkosic sand and 
small rock fragments up to 1 inch in di- 
ameter. The bands of fine material are 
from 2 to 4 inches wide. In vertical cross 
section they extend to a depth of about 
2 inches, where the fine material merges 
into unsorted soil mantle composed of 
material ranging in size from clay to 
gravel up to 1 inch in diameter. The 
channels filled with coarse material are 
from 3 to 8 inches wide and extend in 
vertical cross section to a depth of about 
2 inches, where the coarse material rests 
with sharp contact on unsorted soil 
mantle. The soil stripes occur on a slope 
which steepens from 8° to 12°. They are 
essentially barren of vegetation, though 
small tufts of grass are scattered over 
both the bands of coarse material and the 
bands of fine material. 


LOCAL CONDITIONS BEARING 
ON ORIGIN 


Much has been published concerning 
the origin of polygonal and striped soil 
structures, and the literature has been 
ably summarized by Steche (1933) and 
by Sharp (1942). Local conditions to be 
accounted for in the Wind River Moun- 
tains are the following: 

1. The parent material is in most 
places a felsenmeer composed of angular 
tock fragments which are, for the most 
part, the result of splitting and com- 
minution of rock along joints and other 
fractures. 
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2. The felsenmeer in which the soil 
structures have formed is in most places 
only 3-5 feet thick. 

3. The zone occupied by these struc- 
tures extends nearly to bedrock, and, 
therefore, at least during the period of 
maximum activity, there could have 
been very little unconsolidated frozen 
ground between the base of the struc- 
tures and bedrock. 

4. The material in the fine concen- 
trates ranges in size from fine gravel to 
fine sand and silt with little clay. 

5. The mineral grains in the fine mate- 
rial occur in about the same proportion 
and are weathered to about the same de- 
gree as those in the underlying bedrock. 
From this it can be inferred that physical 
disintegration of the material along joint 
planes, bedding planes, fractures, inter- 
mineral surfaces, and other openings in 
the rocks has been a more important fac- 
tor in comminution than has chemical 
disintegration. 


NECESSARY PROPORTION OF FINES 


The proportion of fines in the mantle 
that is necessary for the formation of 
stone nets or stone stripes is presumably 
that quantity sufficient to retain enough 
water to maintain the mass in a saturated 
condition or at least in a condition that 
will cause expansion of the mass on 
freezing. On many of the unglaciated 
remnants of the summit erosion surface 
there is an unsegregated felsenmeer com- 
posed of angular rock fragments that are 
mostly greater than 6 inches and up to 4 
feet in thickness. The material may be 
slabby and is invariably loosely packed 
and in an unstable position. The propor- 
tion of fines in this material is very small 
and is mostly concentrated near the base. 
It is only where the fine material is 
abundant enough to fill the interstices 
between the coarse fragments and to 


form a layer about 3 feet or more thick 
that stone nets have formed locally. 


EFFECTS OF FROST HEAVE 


Where fines have accumulated suffi- 
ciently to retain water, frost heave can 
take place under the proper temperature 
conditions. Freezing of water in the 
ground produces layers of clear ice, 
which, in general, have a cleavage orient- 
ed perpendicular to the ground surface. 


It also may produce ice interstitial to the ‘ 


rock particles. Hégbom (1914, pp. 314- 
315) has shown that, where freezing of a 
heterogeneous layer of ground occurs, the 
material, both coarse and fine, is shoved 
upward more or less uniformly. On thaw- 
ing, the smaller grains, because of their 
greater mutual cohesion, are pulled back 
farther than the coarse fragments, which 
leaves these fragments in a relatively 
higher position in the ground. 

According to Beskow (1930, p. 635) 
and others (Hamburg, 1915, pp. 593- 
594; Hay, 1936, pp. 47-49; Paterson, 
1940, p. 120), freezing of water in the 
ground produces small lenses of ice hav- 
ing a vertical structure under the larger 
rock fragments and interstitial ice around 
the fines. As the ground thaws from the 
top down, the fine grains melt out first 
because the ice around them is afforded 
less insulation than that under the coarse 
fragments. The fines slump in under the 
coarse fragments, replacing the ice there 
as it gradually melts. The coarse frag- 
ments are therefore prevented from fall- 
ing back. 

Repetition of either process would 
raise the coarse fragments and eventually 
cause a concentration of them at the sur- 
face, but most authors agree that frost 
heave and thaw alone can account nei- 
ther for the borders of stone nets nor for 
the uniformly spaced three-dimensional 
polygonal pattern in which they occur. 
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Hégbom (1914, pp. 313-315) original. 
ly postulated that frost heave takes place 
in an outward as well as an upward direc. 
tion from centers and that the coarse 
material is thus concentrated between 
centers to form the borders of stone nets, 
However, Poser (1933, pp. 105~121) ar- 
gues that the coarse material may only 
be moved upward or in a direction per- 
pendicular to the cooling surface. 


LOCAL CENTERS OF SILT 
ACCUMULATION 


Many authors have assumed that 
local centers of silt and/or clay concen- 
tration in the mantle retain, through 
capillary attraction, more water than do 
adjacent areas of coarser material and 
therefore become centers of ice heave, 
This assumption is probably correct, but 
the origin of a regular pattern of such 
centers, which is necessary to the pro 
duction of a regular pattern of stone nets, 
is not satisfactorily explained. Hégbom 
(1914, pp. 313-315) accounts for stone 
nets by frost heave taking place from 
centers, which are presumed to be local 
concentrations of fines. The cause oj 
these local concentrations and their regu- 
larity is not explained. Nansen (1921, 
pp. 111-112) also believes that local 
centers of silt and clay concentration are 
the points of origin of stone nets, and he 
accounts for them as due to increased 
comminution caused by a locally in 
creased supply of water accumulating in 
small surface depressions. The regularity 
of the pattern is not explained. Elton 
(1927, pp. 184-185) indicates that the 
process of comminution may be differen- 
tial in a vertical plane, where the upper 


EFF! 
part of the soil is dryer than the lower 
part, and that, as a result, comminution 
is locally increased in the lower part. Hef In 
cur 0 


states: “The polygonal system is thus 
mapped out underground before it is 
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visible at the surface.”’ He concludes that 
the fines in the lower part of the soil 
' mantle are heaved up through coarser 
material in the upper part to produce a 
hummock of fines surrounded by borders 
of coarse fragments. The regular arrange- 
ment of such silt concentrations is not 
satisfactorily explained. 

These various hypotheses are probably 
valid, in that where there is a local con- 
centration of silt and clay, a stone ring 
may form as the result of locally in- 
creased frost heave. A group of isolated 
rings might result from several such 
centers. The regularity of the pattern of 
a square mile of adjacent polygonal 
structures, however, cannot be account- 
ed for by these hypotheses. Why should 
centers of increased comminution occur 
ina regular, closely spaced pattern? The 
concept becomes absurd when the stone 
nets are small and closely spaced, such as 
the active miniature nets described by 
Antevs (1932, pp. 49-50) in the alpine 
zone of Mount Washington. 

Another problem is how frost heave, 
acting from centers of locally increased 
comminution, could produce the deep 
borders of coarse rock fragments ob- 
served around the polygonal structures. 
Elton (1927, p. 187) explains these bor- 
ders as due to springtime melting of the 
frozen ground beneath the stones be- 
cause of the greater insulation of the 
stones relative to adjacent fine material. 
This might be a factor in forming shallow 
gutters at the surface but would hardly 
be effective in producing border channels 
2-3 feet deep. 


EFFECT OF SUBFREEZING TEMPERATURE 
ON FROZEN GROUND 


Inactive polygonal soil structures oc- 
cur only in regions which have been sub- 
jected at some time in the past to ex- 
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tremely cold temperatures, and modern 
active forms are restricted mainly to 
arctic, subarctic, and alpine zones that 
have seasonal subfreezing temperatures 
at present. In temperate zones in many 
parts of the world, alternate freezing and 
thawing of the ground take place to vary- 
ing depths and in some places probably 
more frequently in the course of a year 
than in arctic and subarctic regions 
(Hégbom, 1926, p. 254; Elton, 1927, 
pp. 167-168). Yet polygonal soil struc- 
tures are not active in temperate zones 
except under special conditions of drain- 
age and vegetation. It seems plausible, 
therefore, to relate them to some factor 
resulting from low temperature. 

It is a well-known fact that, although 
water expands on cooling from 4° to 
o° C., ice contracts slightly at tempera- 
tures below o° C. The phenomenon of 
fractures due to contraction of lake ice 
may be observed on many frozen ponds 
on a night when the temperature is be- 
low o° C. Leffingwell (1915, pp. 638-639) 
and Washburn (1947, pp. 102-103) re- 
cord that frozen ground cracks with a 
loud report due to the contraction of the 
material. These observations were con- 
fined to muck and silty or sandy ground. 
Leffingwell (1915, p. 639) found open 
cracks as much as 10 mm. wide that 
crossed frozen ground, and he states that 
in tundra such cracks commonly divide 
the muck into polygonal blocks, though 
locally a crack may cross a flat surface at 
random. 

Washburn (1947, p. 103) states: “With 
100 per cent ice a drop in temperature 
from 32° F. to —40° F. would lead to a 
linear contraction of one inch in 41;‘y 
feet.”’ (This is assuming a linear contrac- 
tion of 28.3 X 10 °.) He gives two fac- 
tors that would cause a fracture once 
formed to be maintained and to grow in 
width: 
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1. A crack may become partially filled be- 
fore expansion [of the adjacent frozen ground] 
due to rising temperature could close and ob- 
literate the furrow. For instance, wind and 
gravity may cause infiltration of snow and fines 
into a newly opened crack. Also water from sur- 
face might penetrate a crack extending into 
frozen ground that was still at a relatively low 
temperature, and freeze there. 2. A crack once 
formed would be a line of weakness, as pointed 
out by Leffingwell [1919, p. 206], and might 
re-open year after year so that the effect of 
factor 1 would be additive. 


ICE WEDGES ASSOCIATED WITH TUNDRA 
POLYGONS IN MUCK AND SILT 


Washburn (1947, p. 98) found that the 
borders of mud polygons contained a few 
thin lenses of clear ice and that stones in 
these borders were largely sheathed in 
ice. Leffingwell (1919, pp. 205-212) de- 
scribes large ice wedges which have a 
vertical internal structure and which 
bound polygons in tundra muck in 
northern Alaska. He observed cracks, up 
to 5 mm. wide, extending down into the 
clear ice of the wedge. He shows that 
frozen ground below the zone of seasonal 
thaw expands during summer heat and 
that, in so doing, one of four things may 
happen: (1) the pressure may melt the 
ice and close the crack; (2) the material 
may be sufficiently elastic to absorb the 
strain, so that no deformation occurs; 
(3) the formation may deform upward 
between the bounding ice wedges; or 
(4) the ice wedges may be deformed. 

There is apparently a good chance of 
the wedge’s being preserved until further 
freezing contracts the ground again and 
permits additional accretions to it. Lef- 
fingwell (1915, p. 642) describes the 
wedges as thickening at the top with 
growth and estimates that it would take 
about three hundred years to develop a 
wedge 3 feet in diameter. He states that 
ground-ice wedges were observed only in 
tundra muck, but he was “unable to say 
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whether ice wedges develop in such de. 
posits (river silts, elevated sand and 
gravel deposits and soft shales) becaug 
only the upper two to three feet of these 
deposits were exposed which is less than 
the depth reached by summer thawing.” 


APPLICATION OF ICE-WEDGE THEORY 
TO STONE NETS 


Leffingwell (1915, p. 639) has ob- 
served contraction cracks in frozen 
muck and silty soil, and Washburn (194), 
p. 102) and Paterson (1940, pp. 99-107) 
have observed them in sand and gravel. 
These authors agree that thin wedges of 
ice form in these fractures and may, 
under the proper conditions, enlarge. 
Whether a polygonal pattern of wedges 
will develop would depend on the homo- 
geneity of the material and the flatness 
of the slope. Ice wedges are known to 
bound polygons in tundra and in muck 
or mud. That a polygonal pattern is the 
normal contraction pattern in homogene- 
ous materials is well illustrated by mud 
cracks or by columnar jointing in basalt. 
It should be the normal result of contrac- 
tion of a relatively flat layer of homogene- 
ous frozen ground in which cooling took 
place perpendicular to the ground sur 
face. The width of the fractures will de- 
pend on the amount of change in tem- 
perature and the coefficient of expansion 
of the frozen material. The amount oj 
expansion of ground on freezing approxi- 
mates a direct ratio to the volume of ice 
formed in it. Consequently, the coefii- 
cient of expansion of frozen ground may 
be considered to approximate that of 
clear ice. Assuming the coefficient oi 
linear expansion of clear ice as betwee 
52.7 X 10 ° at o° C. and 50.5 X 10 ‘at 
—30°C., which figures are quoted by 
Dorsey (1940, p. 473) from Jacob and 
Erk (1928) as being the most satisfac- 
tory, it should be possible with a drop in 
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ground temperature of 30° C. to obtain a 
series of fractures about 1.5 mm. wide 
around a prospective stone net, 1 meter 
in diameter. The width of the fractures, 
however small, is large enough for the 
penetration of moisture and the forma- 
tion of an ice wedge, which would tend to 
protect the fracture from being destroyed 
on expansion due to rising temperature 
and would allow it to be enlarged by 
about o.o5 mm. with every degree centi- 
grade fall in temperature. Alternate ris- 
ing and falling of temperature, with a 
total range entirely below o° C., might 
occur many times in the course of an 
arctic or Pleistocene winter with no more 
than surficial melting of the ground or 
snow before the summer thaw set in. If 
the basis for this hypothesis is sound, 
wedges of clear ice would eventually form 
ina regular polygonal pattern, which can 
be accounted for as a normal fracture 
pattern brought about by contraction of 
a layer of homogeneous material per- 
pendicular to the cooling surface. During 
rises in temperature that did not thaw 
the ground to any significant depth, the 
material in the centers would expand up- 
ward, and coarse fragments on the sur- 
face would become loosened and tend to 
slide into furrows overlying the wedges. 
During complete or seasonally deep 
thaws the ice wedges would gradually 
melt, at least to the depth of effective 
thaw, which for the areas of stone nets in 
the Wind River Mountains was probably 
the full thickness of the mantle, or a 
depth of about 3 feet. The coarse materi- 
al on the surface would settle more deep- 
ly into the fractures as the clear ice 
melted, and both coarse and fine material 
would slump in from the walls. Filling of 
the wedges in this manner would account 
for the sharp contact between the coarse 
material in the channel and the unsorted 
mantle rock beneath. There would be a 


151 


tendency for the fines to be washed down 
and, slope permitting, out. Because of 
their greater mutual cohesion, the fines 
would also tend to be reincorporated in 
the central mass more easily than would 
the coarse fragments. Any coarse materi- 
al in the centers would eventually be 
brought to the surface by alternate frost 
heave and thaw, even though thawing 
may have been infrequent in the course 
of a year. By this process a repetition of 
alternate changes in temperature, with 
most of the changes confined to fluctua- 
tions below o° C., could have caused the 
development of the mature stone nets 
observed in the Wind River Mountains. 


ORIGIN OF STONE STRIPES 


The formation of stone stripes on 
slopes of from 4° to 15° by frost action is 
difficult to understand. Alternate frost 
heave and thaw would bring the coarse 
fragments to the surface, provided that 
movement of material down the slope 
during thaws did not obliterate this 
process. Once stripes have formed, their 
propagation down the slope by solifluc- 
tion is readily agreed upon; but what 
initiates segregation of the material into 
coarse and fine bands has not been satis- 
factorily explained. The theory of local 
silt concentrations is no more plausible 
for this situation than it is as a factor in 
the initiation of stone nets. It does not 
seem any more plausible that contraction 
of the ground when frozen would produce 
a polygonal fracture pattern or that this 
would be preserved, even if it contained 
wedge ice, when thawing and downslope 
motion of the material set in. Paterson 
(1940, p. 100) indicates that frost cracks 
form on gentle slopes but that they are 
oriented at random. Should there be a 
tendency for them to be oriented down 
the slope, it would be easy to see how 
they would be favored for development 
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into stripes by mass-wasting through 
either solifluction or gravity. 

A more probable explanation is that 
segregation of the material takes place as 
stone nets on a relatively flat surface and 
that these structures migrate through 
solifluction from their point of origin 
down the slope to their present position, 
first, as elongate stone nets or stone gar- 
lands and, finally, as stone stripes. Such 
a progression of structures occurs at 
area I, southwest of Simpson Lake. The 
extent of their migration can be consid- 
ered an indication of the extent and vol- 
ume of material involved in mass-wast- 
ing on the slope. 


ACTIVITY, PRESENT AND PAST 


Probably only the soil stripes are ac- 
tive at the present time, though some 
solifluction movement of the stone 
stripes may be going on. Formation of 
stone nets has apparently ceased. Some 
frost heave may still occur in the centers 
of the polygonal structures, though the 
vegetation mat is little disturbed. No 
movement of the coarse material in the 
borders is indicated by the fact that the 
outer surfaces of the rock fragments are 
covered by lichen and that none of these 
fragments has been disturbed sufficiently 
to expose the clean undersides. 

Because of the location of most of the 
areas of stone nets and stone stripes 
above the limits of glaciation, it is diffi- 
cult to determine the time at which they 
began to form. Though they are inactive 
at present and no ice or permanently 
frozen ground is associated with them, 
they may be modern in the sense that 
they formed after the Pinedale stage of 
glaciation during and since the recent re- 
advance of the ice when conditions neces- 
sary to their formation probably pre- 
vailed. The structures at area 3 have 
formed since the Bull Lake glacial stage, 
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inasmuch as this area was a Bull Lake 
nivation area. The structures in the other 
areas could have formed as early as the 
Bull Lake or even the Buffalo stage, 
However, regardless of when they began 
to form, it is likely that they lay dormant 
during interstadial periods and were re- 
juvenated and further developed during 
each successive cooling of the climate and 
re-advance of the ice to the present. 


SUMMARY 


Stone nets, stone stripes, and soil 
stripes have formed in the Wind River 
Mountains on high, flat erosion surfaces 
above the upper limits of glaciation. The 
stone nets and stone stripes formed ina 
relatively thin felsenmeer consisting of 
coarse and fine rock fragments, sand, and 
silt, with relatively little clay. In general, 
the finer material settled into the lower 
part of the felsenmeer. 

Frost heave and thaw, though effec- 
tive in segregating coarse material from 
fine by raising the coarse material to the 
surface, could not alone account for the 
formation and regular pattern of polyg- 
onal and striped structures over areas as 
much as a mile in extent. The theory of 
local centers of accumulation of silt and 
clay in the ground is discarded as a pos- 
sible initiating factor for the origin of the 
pattern of stone nets in this area. Be- 
cause the distribution of these structures 
is confined to areas which have been sub- 
ject to subfreezing temperatures, it is 
logical to relate the origin of the struc- 
tures to low temperatures. Ice is known 
to contract at temperatures below o° C. 
Observations by others indicate that 
frozen ground cracks at low tempera- 
tures and that ice forms in such contrac- 
tion cracks and may develop into ice 
wedges, which—at least in the case of 
tundra muck—have been observed to 
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bound polygonal structures. Polygonal 
structures are the common result of con- 
traction of a layer of homogeneous ma- 
terial perpendicular to the cooling sur- 
face, as is well illustrated by columnar 
jointing of basalt or in the formation of 
mud cracks. A regular pattern of polyg- 
onal fractures could form in a relatively 
flat layer of frozen ground as a result of 
contraction of the ground during periods 
of subfreezing temperature. Ice wedges 
could form through a repetition of alter- 
nate changes in temperature, with most 
of the changes confined to fluctuation be- 
low o° C. Filling of these wedges with 
coarse material from the surface during 
seasonal complete thaws accounts for the 
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formation of border channels of coarse 
material around the centers of the poly- 
gons and the sharp contact between this 
coarse material and the unsorted mantle 
at the bottom of the channels. The con- 
centrate of fine material in the center of 
the polygonal structure is the result of 
the raising of the coarse fragments to the 
surface by frost heave and thaw. The 
stone stripes and soil stripes are thought 
to be the result of elongation and sepa- 
ration of stone nets into stripes through 
solifluction rather than to have been 
formed in place on the slope. Solifluction 
movement of the soil stripes and some of 
the stone stripes is the only activity of 
these structures going on at present. 
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SOME PERIGLACIAL FEATURES IN CENTRAL MONTANA: 


J. P. SCHAFER 
Brown University 


ABSTRACT 


Two types of structures represent the results of former intensive frost action in central Montana. Involu- 
tions, which consist of local deformation and interpenetration in stratified materials, are common through- 
out the area and occur in a variety of forms. They are believed to have developed by differential freezing 
and growth of ground-ice, in a seasonally thawed zone overlying perennially frozen ground. Wedge struc- 
tures, found at a few localities, consist of wedge-shaped vertical fissures in weathered bedrock. The 
fissures form polygonal networks and have been filled by slumping of surface materials. They are believed 
to have been opened by ice veins developed when the ground became perennially frozen. A mean annual 
temperature at least 8° C. below that of the present would be required for the development of perennially 
frozen ground. This period of colder climate probably occurred at the time of the last glaciation of adjoining 
areas, which may belong to the Middle Wisconsin substage. 


INTRODUCTION 


A considerable literature exists dealing 
with surficial structures produced by 
frost action.? Some of these structures 
are being formed in high latitudes and at 
high altitudes, where the modern climate 
promotes intensive frost action. Others 
have been found in regions where the 
climate does not permit their formation 
at the present time. The features here 
described belong to this latter group of 
“fossil” forms, produced under a pre- 
viously existing climate more rigorous 
than that of the present. That former 
climate is commonly referred to as “‘peri- 
glacial,’ because of its association with 
near-by glaciation. The periglacial en- 
vironment, according to Sharp (19424, p. 
115), is characterized by “low tempera- 
tures, strong winds, and many fluctua- 
tions across the freezing point at certain 
seasons.” 


GEOLOGICAL SETTING 


The structures to be described occur 
in central Montana, between Lewistown 


* Manuscript received November 27, 1948. 

2 Fora brief historical summary see Sharp (1942¢, 
p. 114). Other general references are Sharpe (1938, 
pp. 33-46), Sharp (19426), Troll (1944), and Zeuner 
(1945, PP. 6-13). 


and the Rocky Mountains (fig. 1). This 
area lies in the western part of the Great 
Plains, from which, in this vicinity, rise 
several mountain ranges lying to the east 
of the main ranges of the Rockies. The 
bedrock at all the localities described is of 
Cretaceous age: Two Medicine formation 
(Montana group) at locality 4; Colorado 
shale at localities 1, 2, 3, 7, 8, 9, and 10; 
Kootenai formation at localities 5 and 6. 
At many of the localities the structures 
occur in terrace gravels and other sedi- 
ments. These gravels have been mapped 
by Alden (1932, pl. 1) as belonging to his 
No. 2 and No. 3 benches or stream ter- 
races. The No. 2 bench he attributed to 
the “pre-Iowan interglacial stage (pos- 
sibly pre-Kansan),”’ and the No. 3 
bench to the “‘pre-Wisconsin interglacial 
stage,”’ possibly including some Wiscon- 
sin glacial outwash. The gravels are de- 
rived principally from the mountains to 
the south and west. Two-thirds of the 
pebbles and cobbles consist of several 
varieties of limestone of Mississippian 
age, and the other third consists mainly 
of sandstone, quartzitic sandstone, and 
shale of Cretaceous age. 

At least twice during the Pleistocene 
epoch a lobe of the Keewatin ice sheet ex- 
tended southward between the Bear- 
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paw and Rocky Mountains nearly to the 
site of Great Falls. The age of these ad- 
vances is as yet uncertain, but the earlier 
is believed by Alden (1932, pp. 85-88) to 
be of Iowan or Illinoian age. The later 
advance he believes to be of Early or, in 
modern terms, Middle, Wisconsin age 
or younger than the Iowan substage and 
older than the Altamont moraine (Man- 
kato substage) (Alden, 1932, pp. 93-96). 
The ice of the earlier advance crossed the 
valley of the Missouri River northeast of 
Great Falls, damming the stream and 
producing a proglacial lake of consider- 
able extent (Calhoun, 1906, pp. 30-31). 

Small ice tongues issued from the ma- 
jor valleys of the Rockies onto the west- 
ern edge of the Great Plains. These may 
presumably be referred to the Middle 
Wisconsin substage because of the fresh- 
ness of the topography of their moraines. 
Within the limits of area of the map 
(fig. 1), so far as is known, none of the 
small mountain groups east of the main 
ranges supported mountain glaciers. 
However, evidence of mountain glacia- 
tion has been found in the Castle Moun- 
tains, south of the Little Belt Mountains 
(Weed, 1899, p. 7), and in the southern 
part of the Big Belt Mountains (Pardee, 


1925, Pp. 37-38). 


DESCRIPTION OF INVOLUTIONS 


The term “involution” has been used 
by Denny (1936) and by Sharp (19422) 
for local deformation and interpenetra- 
tion produced in stratified materials by 
frost action. Many road cuts and some 
stream banks in the area display involu- 
tions. Four exposures at which these fea- 


3 Weed (1899, p. 7) states: “No evidences of 
glaciers are found in the Little Belt Range.” How- 
ever, the topographic map of the Little Belt Moun- 
tains Quadrangle shows on the east side of Baldy 
Mountain (9,000 feet in altitude) in the northern 
part of the range two valleys of cirque-like form, one 
of which contains a small lake. 
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tures are particularly clearly developed 
and well exposed have been chosen for 
detailed description. 


LOCALITY I 


Locality 1 is at a road cut on the north- 
east side of U.S. Highway 87, about 2.2 
miles northwest from Windham (high. 
way distance). The materials in this cut 
(pl. 1, A) are terrace deposits on Alden’s 
No. 2 bench and range in grain size from 
gravel to fine silt or clay. The underlying 
Colorado shale is not exposed here but 
may lie at a depth of about 5-20 feet be- 
low the base of the cut. At the place 
where the man’s figure may be seen in 
plate 1, A, the slumped material was ex- 
cavated, uncovering the _ structures 
shown in plate 1, B, and figure 2. The 
material exposed in the lower part of the 
excavation is pebble gravel, somewhat 
cemented by calcium carbonate. Above 
this is a thickness of about 23 feet of 
stratified sand and silt, white to tan and 
orange in color. Overlying these beds is 
an ancient immature soil zone about 3} 
feet thick, consisting of a light-colored 
“B” horizon enriched in calcium car- 
bonate, and a dark-gray or black “A” 
horizon containing a considerable 
amount of organic matter. 

All these materials are strongly in- 
voluted. The deformation of the strati- 
fied materials seems to have involved 
movements that were largely vertical, as 
indicated by upward intrusion of masses 
from the lower layers into those above. 
The materials of the ancient soil show a 
series of structures resembling drag folds, 
overturned toward the right side of the 
photograph. This suggests that slight 
movement to the right (southeast) oc- 
curred in the materials near the surface. 
This is the direction of surface slope, 
which amounts to about 3°. The invo- 
luted nature of the A horizon of the an- 
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d | cient soil is clearly shown in plate 1, A. miles southeast from Stanford and 1 mile 
or At the time of development of the involu- northwest from locality 1 (highway dis- 
tions, the B soil horizon was brought to tances). The materials in this cut are ter- 
the surface at some places (as at the left race deposits and soil zones, whose rela- 
side of plate 1, B). Since that time, a new _ tions are similar to those at locality 1 and 
h- carbonaceous A horizon, less than 6 which also occur on a segment of the No. 
2 | inches thick, has developed across all the 2 bench. The ancient soil zone is here be- 
h- | surface materials, including the much tween 2 and 3 feet thick, and the modern 
it thicker A horizon of the ancient soil. This soil is less than 6 inches thick. The cal- 
’s | modern soil does not clearly show a B_ careous terrace sands and silts are white 
m | horizon enriched in calcium carbonate. to orange and reddish-brown in color. 
ig | When the face of the excavation is cut The cut displays involutions like those 
ut | back, it is found that most of the involu- at locality 1, and, in addition, there,are 
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le [Fic. 2.—Diagram of the involutions at locality 1 shown in pl. 1, B. Symbols: A, the A horizon of the 
ancient soil (dotted pattern); B, the B horizon of the ancient soil; C, the A horizon of the modern soil. The 
| heavy line X-X represents the upper contact of the underlying terrace deposits, consisting of silt, sand, and 
N- § gravel. The heavy broken line represents the limits of excavation. 
ti- 
ed § tions do not persist more than a very _ several vertical pipelike masses of terrace 
as | short distance in a direction normal to sand and silt extending upward nearly or 
es J the cut face and therefore consist of quite to the base of the modern soil zone. 
re. {| plugs or narrow tongues rather than The ground surface is essentially flat, and 
a — folds of considerable lateral extent. This there is no evidence of significant lateral 
is, § is particularly true of the structures in movement of the surficial materials. 
he f the lower part of the section, beneath the 
ht § deformed soil zone. Most of these are eee g 
- F subequidimensional in plan. Locality 3 is at a road cut on U.S. 
°e. Highway 89, about 24 miles west from 
ie, mnaneEEe S Great Falls and 3.6 miles west from the 
0- Locality 2 isat aroad cut onthe north- intersection wlth Montana Highway 20 
n- f east side of U.S. Highway 87, about 3.0 (highway distances). Good exposures are 
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provided on both sides of the highway 
and in a gravel pit immediately south of 
the road cut. This locality is at the east- 
ern edge of a segment of the No. 2 bench. 
The terrace deposits exposed consist of 
pebble and cobble gravel, with scattered 
boulders and sand lenses. As at the other 
localities, there is a modern carbonaceous 
soil horizon less than 6 inches thick. The 
ancient deformed soil, which is so con- 
spicuous at localities 1 and 2, is not pres- 
ent, unless some of the uppermost highly 
calcareous material represents part of the 
B horizon of that soil. 

A conspicuous feature of the cut on the 
north side of the highway is the involu- 
tion shown in plate 1, C, consisting of a 
tongue of sandy material extending 5 feet 
downward into gravel. The form of this 
involution, as of some of those at locality 
I, suggests overturning toward the right. 
This is the downslope direction, but the 
angle of surface slope is very slight: 1°-2° 
or less. 

Plate 2, A, shows an exposure in the 
pit south of the road cut. Pointed tongues 
of gravel extend into the overlying sand 
and sandy silt. In undisturbed gravel 
most of the stones tend to lie with their 
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long axes nearly horizontal or somewhat 
imbricated; but in distorted gravel, such 
as that shown in the figure, the long axes 
of the stones tend to lie parallel to the 
contact between the beds. At the tips of 
the gravel tongues the long axes of the 
stones are approximately vertical. These 
involutions may be called ‘‘festoons,” 
from their resemblance to loops like those 
formed by a limp cord suspended from a 
series of points along a taut wire. Fes- 
toons are also found in relatively homo- 
geneous gravels which lack a gravel-sand 
contact to show the deformed character 
of the materials. In such cases the form 
of the festoons is defined by the orienta- 
tion of the long axes of the stones. An ex- 
ample of this situation is found in a small 
gravel pit at locality 7, about 2.2 miles 
north-northeast of Choteau, near the 
southeast corner of Section 7, T. 24 N., 
R. 4 W. Involutions quite similar in form 
to these festoons are found in weathered, 
thin-bedded sandstone of the Colorado 
formation at the north end of the road 
cut at locality 9, on U.S. Highway 91, 
about 5.6 miles north of its junction with 
U.S. Highway 89 just east of Vaughn 
(highway distance). 


PLATE 1 


A, View to northeast at locality 1, showing prominent involutions in ancient soil zone. Segments of No. 2 
bench in background, and Judith Mountains in distance at right. 
B, Involutions in ancient soil zone and terrace deposits at locality 1 (excavation where man’s figure may 


be seen in pl. 1, A). For diagram see fig. 2. 


C, Involution in sand and gravel of No. 2 bench at locality 3. 


PLATE 2 


A, Festoons in gravel of No. 2 bench at locality 3. Note tendency toward vertical orientation of pebbles in 


tongues of gravel. 


B, Involutions in terrace deposits and shale at locality 4. Bank is about 7 feet high. For diagram see fig. 3. 


PLATE 3 


A, View to northeast at locality 9, showing wedge structures (dark bands) arranged in a roughly polygonal 
network. Large wedge at right extends to depth of 13 feet. Broad flat upland in background. 

B, Wedge structures in shale at locality 8. Bank is about 7 feet high. For diagram see fig. 7. 

C, Wedge structures in shale at locality 8. For diagram see fig. 8. 


is 


JouRNAL OF GEOLOGY, VOLUME 57 SCHAFER, PLATE I 


Involutions 


t 
f 
e rt 
- A 
} 
2 
y 
Cc 


SCHAFER, PLATE 2 


Festoons and involutions 


~ 
w 
a 
=) 
3 
- 
8 
a 
= 
2 
Z 
= 


JouRNAL oF GEOLOGY, VOLUME 57 SCHAFER, PLATE 3 


4 


4 


J 


3 


A 
B 
Cc 
Wedge structures | 


of tk 


gra\ 
halt 
that 
T 
shal 
top 

crun 


= 

0 

p 

lc 

he 
I 
ec 

= 

on 
ma: 
wit 

ute 
leve 
be | 
tot 
the 


PERIGLACIAL FEATURES IN CENTRAL MONTANA 


LOCALITY 4 


Locality 4 is about 13.5 miles north- 
west of Choteau and 1 mile south of By- 
num Reservoir, in the northeast quarter 
of Section 24, T. 25 N., R. 7 W. The ex- 
posure is in the southeast bank of a 
gully cut by water diverted from the 
Teton River to Bynum Reservoir. The 
locality lies at the northern edge of a 
gravel-floored abandoned valley of the 
Teton River; and for a short distance 
along the gully the contact of the feather 
edge of the gravel with bedrock is shown. 
This gravel area is not shown by Alden 


race deposits above the shale in plate 
2, B, and figure 3 consist of 2—3 feet of 
interbedded sand and gravel, overlain by 
3-4 feet of sandy silt. 

This entire sequence of materials is in- 
voluted, as is shown in plate 2, B, and 
figure 3. Figure 4 represents the same 
bank a few feet to the east, where the 
gravel is thicker and rests directly on bed- 
rock. Seen in vertical section, some of 
these structures resemble those produced 
by channeling or cut-and-fill action. 
However, they lack the linear continuity 
in the third dimension which such fea- 
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Fic. 3.—Diagram of the involutions at locality 4 shown in pl. 2, B. Symbols: C, the humus-rich A horizon 
of the modern soil; G, gravel; S, sand; Kim, shale of Two Medicine formation. 


on his geologic map (1932, pl. 1), but it 
may be traced eastward to its confluence 
with the broad area of gravel between 
Bynum and Choteau, which he attrib- 
uted to his No. 3 or pre-Wisconsin bench 
level (1932, p. 60). However, it may also 
be traced westward, where its relations 
to the Teton River and to the moraines of 
the Teton River glacier indicate that this 
gravel was probably deposited during a 
halt in the early part of the recession of 
that glacier. 

The bedrock in the exposure is green 
shale of the Two Medicine formation, the 
top several feet of which are soft and 
crumbly because of weathering. The ter- 


tures possess, and the extension of the 
tongue of gravel several feet upward into 
silt in figure 3 cannot be explained on 
this basis. The form of some of these 
structures superficially resembles that of 
filled potholes. This mode of origin is ob- 
viously inadequate to explain the gravel- 
sand relationship shown in figure 3. Fur- 
thermore, close inspection of the shale in 
the lower part of the bank shown in 
figure 4 reveals that deformation con- 
cordant with the subspheroidal masses of 
gravel extends to a depth of several feet 
in the weathered bedrock. The small 
gravel masses which, in figure 4, appear 
to be isolated from the main body of 
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gravel are perhaps connected with it in a 
direction at right angles to the plane of 
the section. 


ORIGIN OF INVOLUTIONS 


INTRODUCTORY STATEMENT 


The involutions are secondary struc- 
tures, superimposed on the surface mate- 
rials after their deposition or formation. 
This is particularly clearly shown by the 
deformation of horizons of a soil zone or 
by the interpenetration of materials of 
different ages, such as soil zones, terrace 
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of glaciation. The grounding of icebergs 
or floe ice in shallow water must be con. 
sidered with regard to locality 3, since 
the area in which it lies was thought by 
Calhoun (1906, p. 30) to have once been 
submerged in a proglacial lake. However, 
such characteristics as the festoons of ori- 
ented pebbles and the lack of linear trend 
would not be expected of structures pro- 
duced by dragging ice. Another objection 
may be made on the basis of time rela- 
tions. The proglacial lake existed only 
during the earlier—Iowan or Illinoian— 
stage of glaciation. The modern soil zone, 
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bols as in fig. 3. 


deposits, and Cretaceous shales. Six 
processes‘ are potentially capable of pro- 
ducing structures like the Montana in- 
volutions. These are: (1) ice shove, (2) 
volume change in bentonite, (3) differ- 
ential loading, (4) mass movement, (5) 
tectonic deformation, and (6) intensive 
frost action. 

ICE SHOVE 


Overriding of unconsolidated mate- 
rials by glacial ice could not have pro- 
duced the involutions, since all the local- 
ities described lie outside the boundaries 

4 Several others are listed by Sharp (19424, p. 


126), but they are so unlikely as not to require dis- 
cussion. 


Fic. 4.—Diagram of involutions at locality 4, a few feet east of those shown in pl. 2, B, and fig. 3. Sym- 


which has been formed since the involu- 
tions were formed, is of essentially the 
same thickness at all localities observed, 
so that the involutions are probably of 
the same age. This soil zone is so thin, 
however, that the involutions, including 
those at locality 3, are probably no older 
than the later or Middle Wisconsin glaci- 
ation and were formed long after the pro- 
glacial lake had ceased to exist. 


VOLUME CHANGE IN BENTONITE 


Considerable quantities of bentonite 
occur in the Cretaceous rocks within the 
area studied, and bentonitic beds are 
actually present in some exposures of in- 
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voluted bedrock. It seems certain, how- 
ever, that none of the involutions is the 
result of deformation caused by change in 
volume of the bentonite. The distribu- 
tion and forms of involutions bear no 
systematic relation to bentonitic zones, 
and involutions are found in some ex- 
posures of bedrock containing little, if 
any, bentonite. A road cut a few hundred 
feet west of that described as locality 2 
displays a thickness of about 15 feet of 
terrace deposits overlying the Colorado 
shale. Involutions occur near the sur- 
face but die out downward, so that none 
is shown in the lower part of the terrace 
deposits or in the 15 feet of shale exposed. 
Numerous other exposures demonstrate 
that involutions not only may show no 
relation to the type of bedrock but also 
may be confined to materials overlying 
the bedrock. Anhydrite, like bentonite, 
undergoes considerable change in vol- 
ume by taking up water but is not pres- 
ent in this area in significant quantities. 


DIFFERENTIAL LOADING 


Sharp (19424, p. 127) discusses briefly 
the deformation of relatively fine-grained, 
water-saturated materials that may oc- 
cur under a differential load. A contact 
between sand or gravel and underlying 
silt or clay is particularly susceptible to 
such disturbance. However, the involu- 
tions were formed under little or no over- 
burden, as a soil zone is involved, and it 
seems quite unlikely that any load was 
applied on this soil and subsequently re- 
moved. This hypothesis is particularly 
inapplicable to the coarse sediments of 
locality 3. 


MASS MOVEMENT 


It is possible that differential move- 
ments within masses of weak materials 
undergoing landsliding might produce 
structures similar to some of the involu- 
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tions. None of those described is believed 
to have been formed in this manner, and 
the forms of most of the involutions indi- 
cate vertical rather than lateral move- 
ment. Involutions were observed at nu- 
merous localities, such as locality 4, 
where the topographic and geologic rela- 
tions of the involuted materials are high- 
ly unfavorable for the occurrence of mass 
movement. 

At locality 5, a road cut more than 20 
feet deep on the north side of U.S. High- 
way 87, about 4.2 miles west of Stanford 
(highway distance), occurs a series of 
terrace sands and gravels overlying beds 
of the Kootenai formation. The terrace 
deposits dip eastward at an angle which 
increases downward in the section from 
30° to 60°, and the Kootenai strata are 
nearly vertical. The locality lies on the 
east side of a creek valley, and the struc- 
ture described is believed to be due to 
landsliding, of the type called “slump” 
by Sharpe (1938, p. 65), on the wall of 
that valley. Definite landslide topograph- 
ic forms (called to the writer’s attention 
by Andrew G. Alpha) exist along the 
valley wall a short distance to the south 
and to the north. Associated with the 
major structure are small-scale folding 
and crumpling of the strata; these minor 
structures bear little resemblance to in- 
volutions. The modern soil zone, formed 
on this landslide block since the land- 
sliding took place, is of about the same 
thickness as that formed on involuted 
materials. It seems likely that the same 
conditions that promoted the develop- 
ment of involutions may also have pro- 
moted the landsliding, which is, like the 
involutions, a fossil phenomenon at this 
locality (cf. Smith, 1936). 

Deformation of sediments contempo- 
raneously with deposition generally takes 
place as subaqueous sliding under the in- 
fluence of gravity. This mode of origin 
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cannot be applied to involutions affecting 
soil zones or to involutions whose form 
suggests vertical rather than horizontal 
movements of materials or to involutions 
affecting both surficial sediments and the 
underlying bedrock. 


TECTONIC DEFORMATION 


Intricate deformation of soil zones and 
terrace deposits cannot be attributed to 
tectonic movements; but at several local- 
ities involution-like structures seem to be 
confined to bedrock. At locality 6, a road 
cut on the south side of U.S. Highway 87, 
about 2.2 miles west of Geyser (highway 
distance), is exposed a small overturned 
fold with an amplitude of about 8 feet, in 
shale of the Kootenai formation. Several 
feet of terrace deposits overlying the 
shale are not affected by the folding, and 
it is believed that this fold is of tectonic 
origin. Other exposures were observed at 
which the available evidence did not 


show clearly whether the structures were 
of tectonic origin or were involutions. 


INTENSIVE FROST ACTION 


General statement.—The undisturbed 
character of the modern soil zone shows 
that the involutions are not being formed 
at present, and no agent adequate to pro- 
duce these structures is now available. 
They are readily explicable, however, as 
the results of frost action under the in- 
fluence of the colder climate which must 
have existed in this region when the 
margin of a Keewatin ice sheet lay but a 
few miles to the north. The surficial 
structures resulting from contemporary 
frost action in arctic regions have been 
observed and described by numerous 
authors (see references in n. 2). The for- 
mation of these structures takes place 
principally in a thin, periodically thawed 
layer overlying perennially frozen ground 
and is assisted by the segregation of 


J. P. SCHAFER 


masses of ground-ice. These conditions 
may have existed in a belt peripheral to 
the ice sheet of any glacial stage or sub- 
stage. The forms of the involutions sug- 
gest that the materials had a rather high 
degree of mobility at the time that de- 
formation occurred. The considerable dif- 
ferences among the forms of the involu- 
tions at the four localities described may 
be attributed to differences in the tex- 
tures and lithologies of the materials, and 
possibly also to differences in ground- 
water supply and in exposure to climatic 
factors. Structures superficially similar to 
involutions but of entirely different ori- 
gin also occur within the area, as is noted 
above in the sections on mass movement 
and tectonic deformation. 

Role of ground-ice.—The knowledge of 
the mechanics of frost heaving is derived 
principally from the experiments and ob- 
servations of Taber (1929, 1930, 1943; see 
also Muller, 1947). The expansion of 
freezing interstitial water in porous mate- 
rials is quantitatively insufficient to pro- 
duce excessive frost heaving, which is 
caused by the segregation of horizontal 
layers and lenses or vertical, wedgelike 
veins of ground-ice. Within inhomogene- 
ous materials differential freezing may 
take place, resulting in differential segre- 
gation of ice and differential heaving as 
water is drawn to growing ice masses 
from adjacent unfrozen material. 

At most of the involution localities de- 
scribed, the involuted materials are very 
inhomogeneous, and conditions are ap- 
propriate for differential frost heaving. 
When vertical ice veins melt, the result- 
ing fissures might be expected to be 
filled, at least in part, from above. No 
such filled fissures have been found in in- 
voluted materials. Therefore, it seems 
likely that most of the ground-ice de- 
veloped as layers approximately parallel 
to the bedding and that little indication 
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of the location, size, and shape of any 
particular layer would remain after it had 
melted and the overlying material had 
slumped back. The forms of such sub- 
spheroidal involutions as those at lo- 
cality 4 suggest interpenetration of 
masses of freezing, expanding material 
with adjacent plastic, unfrozen material. 
This is essentially the mode of develop- 
ment favored by Sharp (1942a, p. 130) 
for similar structures. 

Role of perennially frozen ground.— 
Zeuner (1945, p. 12) states: “All varieties 
lof soils which owe their structures to in- 
tensive frost action] occur on permanent- 
ly frozen sub-soil, and only certain types 
of stone-rings have been found in snow 
climates where tjaele [perennially frozen 
ground] is absent.”’ Zeuner definitely in- 
cludes involutions, which he calls “ex- 
pansion trail,” among the structures 
formed only on_ perennially frozen 
ground. 

The involuted materials in Montana 
are at present well drained and have a 
relatively low water content. For inten- 
sive frost action to take place, it would be 
necessary to increase substantially the 
degree of saturation. The amount of pre- 
cipitation in central Montana may have 
been greater during stages of glaciation 
than at present, but it is questionable 
whether this factor alone is sufficient. On 
the other hand, if the involutions formed 
in a zone of summer thaw overlying a 
perennially frozen layer, the precipita- 
tion and meltwater would not drain 
away readily. The presence of perennially 
frozen ground seems the most likely 
cause of a greater degree of saturation, 
since it would decrease the effectiveness 
of subsurface drainage. 

Relation to stone polygons.—No surface 
phenomena, such as stone polygons, 
were observed to be associated with the 
involutions. If they had been present, 


their surface expression might well have 
been masked by the present soil zone. 
However, the character of the involu- 
tions does not indicate that any such 
phenomena were present in the past. The 
subsurface structures associated with 
stone polygons and similar features are 
roughly cellular and show segregation of 
coarse and fine particles (see references 
in n. 2). A “fossil’’ example is illustrated 
in Zeuner (1946, pl. XII-A). In contrast, 
the structures of the involutions are 
much less regular in form and were pro- 
duced by the deformation of planes of 
stratification. 

Relation to solifluction—The term 
“solifluction” was proposed by Andersson 
(1906, pp. 95-96) for “the slow flowing 
from higher to lower ground of masses of 
waste saturated with water.” He clearly 
recognized that solifluction, thus de- 
fined, was not restricted to areas of any 
one type of climate, but he maintained 
that a cold climate provided optimum 
conditions for its development. A recent 
description of solifluction in the Cana- 
dian arctic is given by Washburn (1947, 
pp. 88-96), who regards a slope of about 
5° or more as necessary to bring about 
significant downslope movement. Most 
of the movement probably occurs when 
the material is very mobile as a result 
of spring melting of ground-ice in the 
seasonally thawed zone overlying peren- 
nially frozen ground. Some authors (such 
as Paterson, 1940, pp. 110-114) have ex- 
tended the term “‘solifluction”’ to include 
processes which do not involve any 
downslope flow. Bryan (1946, p. 633) has 
proposed the term “‘congeliturbation”’ for 
all varieties of frost heaving and of soli- 
fluction induced by cold climate, thus in- 
cluding the formation of involutions in 
which no downslope flow has taken place. 

The involutions at localities 2 and 4 
and some of those at localities 1 and 3 
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were probably formed by local vertical 
movements caused by differential freez- 
ing and the formation of ground-ice. The 
presence of structures similar to drag 
folds (called “plications” by Bryan, 1946, 
p. 634) at localities 1 and 3 indicates that 
slight lateral movement occurred there, 
although the surface slopes are consider- 
ably less than 5° in inclination. At the 
time that the involutions were being 
formed, extensive solifluction (in the 
strict sense) must have been taking place 
on steeper slopes. The solifluction debris 
would become a structureless rubble, be- 
cause of the mixing of surficial materials 
during movement. An example of such a 
rubble is found at the south end of the 
road cut at locality 8, on U.S. Highway 
g1, about 6.5 miles north of its junction 
with U.S. Highway 89 just east of 
Vaughn (highway distance). There the 
ground surface slopes at an angle of 
about 6°. Materials believed to be soli- 
fluction rubbles may be seen at a number 
of other localities. 

Age of involutions——The continental 
ice sheets of the two stages (or substages) 
of glaciation recorded in this area were of 
almost equal extent, and the climates of 
the two must have been quite similar. If 
formation of involutions occurred during 
one stage, it must have occurred during 
the other as well. As yet, no trustworthy 
evidence of more than one stage of forma- 
tion of involutions has been discovered. 
This period of frost action may with rea- 
sonable certainty be correlated with the 
younger or Wisconsin ice advance, be- 
cause of the thinness of the soil zone 
formed since the involutions developed. 
Furthermore, the involutions at locality 
4 are developed in gravel interpreted by 
the writer as outwash of the Middle Wis- 
consin substage. 

The ancient, now involuted, soil zone 
is similar in character to the modern soil 
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zone and was formed in an interstadial or 
interglacial time previous to the period or 
periods of frost action responsible for the 
involutions. Since the ancient soil is sey- 
eral times as thick as the modern soil, it 
must have required a much longer period 
for its formation. These soils together 
constitute a complex, polygenetic soil 
zone, whose characteristics were “de- 
veloped in more than one climatic re- 
gime” (Bryan and Albritton, 1943, p. 
477). 

Comparison with other areas.—In addi- 
tion to the general description of involu- 
tions found in Zeuner’s paper (1945, p. 
8), numerous detailed accounts of Euro- 
pean occurrences exist (see references in 
Sharp, 1942a@). From gravels near Cam- 
bridge, England, Paterson (1940, pp. 
110-121) has described globular involu- 
tion-like structures, quite similar in form 
to those found at locality 4. The contents 
of the pockets commonly have a concen- 
tric arrangement, and the gravels in 
which the pockets occur may be fes- 
tooned parallel to the walls of the pock- 
ets. Paterson believes that these struc- 
tures are homologous with stone poly- 
gons and that the concentric arrange- 
ment is produced by ice-thrust from cen- 
ters of freezing. However, the present 
writer agrees with Hollingworth (1940) 
that these structures more likely repre- 
sent contortions of bedding unrelated to 
stone polygons and similar forms. They 
are probably similar in origin to the Mon- 
tana involutions. 

The first description of involutions in 
North America was by Denny (1936), 
who found contorted sands and dis- 
turbed gravels in southern Connecticut. 
Similar structures have been seen by the 
present writer at several localities in 
southern Rhode Island. Sharp (19422) 
has described involutions from _north- 
eastern Illinois which are rather like the 
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interpenetration of materials found at 
locality 4. Bryan and Ray (1940, p. 26) 
mention briefly an occurrence of in- 
voluted gravels in north-central Colo- 


rado. 


DESCRIPTION OF WEDGE STRUCTURES 


Localities 8 and g are at road cuts on 
U.S. Highway 91, about 6.5 and 5.6 
miles, respectively, north of its junction 
with U.S. Highway 89 just east. of 
Vaughn (highway distances). A detailed 
study was made of the structures on the 
east side of the highway at locality 8. 


Such structures also occur on the oppo- 
site side of the highway at locality 8 and 
at locality 9 and two near-by road cuts, 
one 0.4 mile north of locality 8 and the 
other 0.9 mile south of locality 9. Brief 
examination showed that the structures 
in these exposures were similar to those 
studied in detail. 

The bedrock in this area is Colorado 
shale (Cretaceous), which is weathered 
to a very crumbly state to an average 
depth of 5—7 feet or more in the road cuts 
studied. At locality 8 it is mostly gray 
shale, with numerous thin orange-yellow 


Fic. 5.—Generalized diagram of a wedge structure at locality 8. Wedge crops out as a band which 


descends the sloping face of the highway cut diagonally. That it is actually vertical is shown in a small 


excavation at the foot of the face. 


0 203040 FEET 


Fic. 6.—Sketch of plan of wedge structure exposed in the face of the cut on the east side of the highway 


at locality 8. Many small wedges are not shown. Symbol: R, break in exposure caused by an access road. 
Numbered groups of wedges are those illustrated in detail, as follows: 1, pl. 3, B, and fig. 7; 2, pl. 3, C, and 


fig. 8; 3, fig. 9. 
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sandy layers. At locality 9 it consists 
largely of thin-bedded sandstone, much 
of which is silty. Both localities lie near 
the edge of a broad upland of very low re- 
lief which stands several hundred feet 
above a valley to the southwest. The 
structures are not restricted to this up- 
land, however, since the cut o.9 mile 
south of locality g lies near a valley 
bottom. 

The material overlying bedrock is 2—3 
feet thick and is probably mostly, if not 
entirely, derived from weathered bed- 
rock. At locality 8 the mantle is largely 
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fragments derived from the walls of the 
fissures, now appear on the cut faces as 
wedges, strongly contrasting in color and 
composition with the surrounding beds 
(pl. 3 and fig. 7). The wedges at these 
localities are essentially vertical in atti- 
tude, and the apparent dips of some of 
the wedges illustrated result from their 
exposure on a sloping rather than ona 
vertical surface. That part of the cut 
face represented in plate 3, B and C, and 
figures 7, 8, and g is 7-8 feet high; the 
lower part slopes at an angle of 30° or 
less, and the upper part rounds off toa 


Fic. 7.—Diagram of the wedge structures at locality 8 shown in pl. 3, B. Symbols: M, surficial mantle of 
unconsolidated material; D, dark-colored surficial material filling fissures; Kc, Colorado shale, with bedding 
shown by broken lines. Heavy broken line in lower part of diagram represents base of face of highway cut. 


sandy and contains many chips of thin- 
bedded sandstone, but in some parts of 
the exposure it consists mostly of shale 
debris. Scattered through the upper part 
of this mantle are pebbles of quartzite 
and limestone gravel, probably residual 
from the erosion of high-level gravel 
benches. Involutions are developed in the 
mantle at some places. 

At some time in the past, fissures were 
developed in the upper, weathered part 
of the bedrock, and those fissures were 
subsequently filled with material from 
the mantle. These fissure fillings, which 
contain but a small quantity of shale 


nearly flat surface. Since these illustra- 
tions are views looking slightly down- 
ward at the exposures, they actually rep- 
resent exposures on a sloping surface 
projected onto a plane inclined about 10° 
from the vertical. Thus wedges striking 
at right angles to the cut appear vertical; 
wedges striking parallel to the cut appear 
horizontal; and wedges striking obliquely 
to the cut appear to dip at various angles. 
An example of the last case is illustrated 
in figure 5. 

Most of the wedges taper downward, 
as their name indicates, and some are 
conspicuously flared at their upper ends. 
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Their walls may be straight or somewhat 
irregular. The majority extend no deeper 
than 6-8 feet below the surface. How- 
ever, one large wedge at locality 9, shown 
inthe right-hand part of plate 3, A, main- 
tains a width of 1 foot to a depth of 13 
feet below the surface and there ends 
abruptly just above a massive bed of 
sandstone. A few wedges appear to 
branch downward. The wedges vary in 
width from a fraction of an inch to about 
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3 feet. Some have a uniform width of an 
inch or less to a depth of several feet. 
Most of the wedges are relatively straight 
in plan, but some are gently curved. 
From a consideration of such groups of 
wedges as those shown in plate 3, C, and 
to the left of the large wedge in plate 3, A, 
it is apparent that they form an irregular 
polygonal network. Figure 6 shows a 
sketch of the plan of the wedges on the 
east side of the highway at locality 8. 


| 


Fic. 8.—Diagram of the wedge structures at locality 8 shown in pl. 3, C. Symbols: L, light-colored surficial 
material (dotted pattern) filling older set of fissures, which are transected by younger set (D); other symbols 
as in fig. 7. 


Fic. 9.—Diagram of wedge structures at locality 8, showing older set transected by younger set. Sym- 
bols as in fig. 8. 
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This sketch is not accurate in detail but 
represents the general relations of the 
wedges. The average diameter of the 
polygons is at least 25 feet and probably 
more. Since the horizontal breadth of ex- 
posure on the cut face is only 15 feet and 
since most of the wedges do not extend 
deeply enough to be exposed to the foot 
of the face, not many junctions of wedges 
appear in the sketch. The narrow lower 
ends of a few of the deeper wedges can be 
traced across the floor of the ditch to the 
edge of the highway grade, a distance of 
12 feet. No relation between the orienta- 
tion of the wedges and that of the joint 
systems in the shale is apparent, because 
the jointing of the shale has been ob- 
scured by the weathering and deforma- 
tion which it has undergone. 

The normally horizontal bedding of 
the shale is in all cases turned upward 
along wedges and in some places is in- 
tensely deformed. Deformation is gener- 
ally less along the narrower, lower parts 
of wedges but is found along narrow 
wedges as well as broad ones. This 
strongly suggests that the fissures were 
widened by pressure exerted from within. 
It seems unlikely that the present con- 
tents of the fissures could exert this 
pressure. 

Almost all junctions of wedges show no 
transecting relationships, and the mate- 
rials of the joining wedges are similar in 
color and in grain size. Most of the wedges 
consist of dark-brown, relatively fine- 
grained material, derived from the car- 
bonaceous surface zone (pl. 3, B, and fig. 
7); but some of the narrow, deep-seated 
wedges are composed of light-colored 
sand. In a few groups of wedges there 
also exist large wedges which are filled 
principally with light-colored sandy ma- 
terial and which are sharply transected 
by the darker wedges (figs. 8 and g). Al- 
though the lower part of the mantle is 
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lighter in color and sandier than the Up- 
per part, it is not so light as is the materi. 
al filling the light-colored wedges, which 
are practically invisible in photographs 
(pl. 3, C). Furthermore, the material of 
the light-colored wedges seems to be 
separated by a relatively sharp contact 
from the lower part of the mantle. If 
these wedges are considerably older than 
the darker ones, it may be that an origi- 
nal dark filling has been ‘‘bleached” of 
its organic matter in the intervening 
period. It may be significant that both 
the two light-colored wedges illustrated 
and the one other example found extend 
several feet deeper than do the darker 
wedges, which cut across them. 

A situation somewhat different from 
that at localities 8 and g is found at lo- 
cality 10, a road cut on U.S. Highway 89, 
about 3.5 miles southeast of Choteau 
(highway distance), in the center of the 
northeast quarter of Section 8, T. 23 N., 
R. 4. W. The bedrock is black shale of the 
Colorado formation. It is overlain by 
sandy slope-wash material derived from 
an outlier, 1 mile to the southwest, of an 
escarpment of Virgelle (Eagle) sandstone 
(Montana group, Cretaceous), which 
overlies the Colorado shale. Part of the 
exposure in the cut on the west side of 
the highway is shown in figure 10. Since 
the cut face slopes at an angle of about 
70°, the diagram represents a nearly 
vertical section. Cutting back of the face 
confirms the fact that the bands of sand 
which appear horizontal in section are 
actually horizontal, unlike any of those 
observed at localities 8 and g. Therefore, 
not only vertical but also horizontal fis- 
sures were formed in the weathered 
shale at this locality. No cross-cutting 
relationships between the vertical wedges 
and horizontal layers are present, and all 
the fissures must, have developed as a 
single set and later been filled together. 
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The bedding in much of the shale cannot 
be readily traced, but the degree of defor- 
mation is shown by the disruption which 
an orange-yellow bentonitic layer has 
undergone. Some of the shale masses 
which appear to be isolated from the 
main body of shale in figure ro are per- 
haps connected with it in a direction at 
right angles to the plane of the section. 
Similar associations of vertical wedges 
with horizontal layers are shown in road 
cuts 0.3 mile north and south along the 


highway. 
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tute the main modes of occurrence of 
segregated ground-ice in perennially 
frozen ground in the Alaskan areas which 
he has studied. Most veins have simple 
wedge-shaped sections (some branching 
downward), but some flare at their upper 
ends or are confluent above with ice 
layers. Taber believes that all ice veins, 
when first formed, extended downward 
from ice layers and that, where the layers 
are absent, they have been removed by 
later thawing and erosion. Rarely are iso- 
lated veins found. Most of the veins oc- 
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Fic. 10.—Diagram of wedge structures at locality 10, showing horizontal fissures as well as vertical. Above 


crest of nearly vertical exposure is a smooth, gently sloping surface, extending 1 mile to the southwest to a 
sandstone escarpment. Symbols: C, the humus-rich A horizon of the modern soil; S, sandy slope-wash 
material; Kc, Colorado shale. Small bodies shown in solid black are remnants of a disturbed bentonitic 


layer in the shale. 


No other occurrences of wedge struc- 
tures, with or without horizontal layers, 
have been seen by the writer within the 
area studied. 

ORIGIN OF WEDGE STRUCTURES 
COMPARISON WITH ICE-VEIN STRUCTURES 
The most extensive description avail- 

able of the ice veins which exist in arctic 
and subarctic regions is that by Taber 


(1943, pp. 1510-1529). Vertical ice veins 
and horizontal ice layers or lenses consti- 


cur in polygonal networks, and the aver- 
age diameters of polygons range from 20 
to 45 feet in different areas. Where net- 
works of ice veins join ice layers below as 
well as above, a more or less cellular 
structure is produced. The bedding of the 
material adjacent to the veins is com- 
monly distorted by pressure exerted by 
the vein during its growth. 

This description of Alaskan ice veins 
matches that of the Montana wedge 
structures very closely, except, of course, 
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for the fact that any ice veins once pres- 
ent in Montana have thawed and the fis- 
sures which they occupied have been 
filled by material which slumped in from 
the surface. Taber notes the slumping of 
surface material into the upper parts of 
fissures occupied by ice veins which are 
gradually thawing downward (Taber, 
1943, pl. 13, fig. 1; pl. 15, figs. 1 and 2; 
pl. 16, figs. 1 and 2). This is a strong ar- 
gument for the essential identity of the 
two sets of structures, especially since the 
slump-filled portions of some of the fis- 
sures extend to a depth several times 
greater than that reached by any of the 
Montana wedge structures. Alaskan ice 
veins attain greater width and depth 
than do the Montana wedges, but this is 
to be expected of an area of cooler 
climate. 

The horizontal filled fissures found at 
locality 10 indicate that horizontal layers 
of ice were formed there in association 
with the vertical veins. There is little evi- 
dence bearing on Taber’s suggestion that 
all ice veins form below ice layers, but it 
may well be that the ice layer which pre- 
sumably lay beneath the largest isolated 
mass of shale shown in figure 10 extended 
some distance laterally at or near the 
base of the mantle. 

Wedge structures attributed to the 
filling of fissures once occupied by ice 
veins have been found at a number of 
localities in Europe. Zeuner (1945, pp. 
10-12) refers very briefly to some ex- 
amples. Paterson (1940, pp. 102-105) 
describes from near Cambridge, Eng- 
land, some wedge structures which are, 
in plan, independent linear features 
which cut across one another at various 
angles, unlike those described above. The 
wedge structures in central Germany de- 
scribed as “pseudomorphs after Pleisto- 
cene ice wedges”’ by Selzer (1936, p. 286) 
are quite similar to those in Montana. 
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The irregular network which they form 
(Selzer, 1936, pp. 282-283) is more closely 
similar to that of the Montana wedges 
than is the relatively regular polygonal 
network which Leffingwell (1919, p. 210) 
found in the case of existing ice veins in 
northern Alaska. 

All the authors cited in the last para- 
graph subscribe to the frost-crack hy- 
pothesis of formation of ice veins (Lef- 
fingwell, 1919, p. 206). Taber, however, 
presents a very convincing argument for 
the concurrent formation of ice layers and 
ice veins by segregation of ground-ice 
(1943, pp. 1519-1528). Each hypothesis 
requires the presence of perennially 
frozen ground. The Montana wedge 
structures offer no evidence as to which 
hypothesis is more nearly correct. 


ALTERNATIVE MODES OF ORIGIN 


Several of the hypotheses of origin of 
involutions which were considered and 
rejected may be summarily rejected as 
possible modes of origin of wedge struc- 
tures. These include volume change in 
bentonite, differential loading, and tec- 
tonic deformation. 

None of the wedge structure localities 
lies within a glaciated area, so that over- 
riding by glacial ice need not be consid- 
ered. However, at all the localities at 
which wedge structures were seen, ice- 
rafted pebbles or cobbles of crystalline 
rocks of Canadian origin occur on the 
ground surface. Therefore, the possibility 
of the production of the structures by the 
grounding of the icebergs of a proglacial 
lake in shallow water must be considered. 
It is unlikely, however, that dragging ice 
masses could cause the formation of 
cracks extending to a maximum depth of 
at least 13 feet below the ground surface. 
It seems impossible that such an agent 
could produce the deformation of bed- 
ding planes shown near the walls of the 


fiss 
of 
cat 
al 
still 
we 
wi 
m 
4 no 
se 
; of 
sh 
cu 
ra 
di 
lo 
he 
sl 
t! 
n 
t 
‘ 


PERIGLACIAL FEATURES 


fissures, strongly suggesting the exertion 
of pressure from within, or that it could 
cause the arrangement of the fissures in 
a polygonal network. 

Masses of rock near or at the ground 
surface may, under certain conditions, 
tilt in a downslope direction, producing 
wedge-shaped cracks widening upward, 
which tend to be filled with surficial ma- 
terial. Several varieties of this type of 
movement have been discussed by Jud- 
son (1947). The following relations show 
that the Montana wedge structures can- 
not have been formed in this way. Mass 
movement of the type described, which 
seems to have been assisted by ice-wedg- 
ing at some places, occurs only in blocks 
of a competent bed; but the weathered 
shale of the Colorado formation is hardly 
capable of acting as a coherent block. 
Cracks that form by such movement 
tend to extend parallel to the surface 
contours, whereas the present fissures oc- 
cur in an irregular network. The Colo- 
rado shale shows no tilting parallel to the 
direction of slope at the wedge structure 
localities, and in any case the structures 
have been found only where the surface 
slopes at an angle of less than 5°. 

Lupher (1944) has described clastic 
dikes in Pleistocene sediments of the 
Columbia Basin region. These dikes 
were, like the Montana wedge structures, 
formed under periglacial conditions, but 
there is no evidence that they are the re- 
sults of thawing of ice wedges (Lupher, 
1944, p. 1458). The dikes, many of which 
are multiple, are parallel-walled rather 
than wedge-shaped and extend to a maxi- 
mum depth of 120 feet. The adjacent ma- 
terials are undeformed. The fissures 


occupied by the dikes are believed to 
have formed principally because of sub- 
sidence as buried ice masses and frozen 
sediments thawed, and they were filled 
from above. 
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AGE OF WEDGE STRUCTURES 


Wedge structures of different ages are 
described by Selzer (1936, pp. 279-280). 
They were formed in a loess concurrently 
with its deposition and at successively 
higher levels as the loess accumulated. 
No such situation existed at locality 8. 
The two sets of wedges there differ 
markedly in the lithology of the material 
filling the fissures, and the systematic 
difference in size may be important also. 
The writer believes that a substantial 
period of time elapsed between the for- 
mation of the two sets. Since the cooling 
of climate necessary for the development 
of ice veins presumably occurred at a 
time of extension of glaciers, there is a 
strong temptation to assume a correlation 
between the two stages of wedge forma- 
tion and the two stages (or substages) of 
glaciation of which evidence is recorded 
in the area. This correlation is plausible, 
but there is no direct evidence to sup- 
port it. 


THE PERIGLACIAL CLIMATE 


The use of the term “periglacial” has 
been criticized by Flint (1947, p. 461) as 
follows: 

The association of flow earth [solifluction de- 
bris], loess, and ventifacts has been considered 
as indicating “periglacial” conditions, by which 
are implied very cold, windy conditions in the 
neighborhood of an ice-sheet margin. This gen- 
eral term can have no absolute quantitative 
significance; strictly speaking, a periglacial 
climate is any climate that exists around the 
edge of a large glacier and might be of more 
than one kind. Progressive change of periglacial 
climate has been specifically recognized. . . . 


This is a valid criticism; for, if uncritical 
use is made of the term, it becomes al- 
most meaningless. The climate of the 
area immediately surrounding an ice 
sheet varies not only in space but also in 
time. Considerable evidence has been 
found which indicates that, as the last 
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ice sheets in Europe and North America 
waned, their influence over the climate 
of the areas immediately surrounding 
them waned also. For example, Ahlmann 
(1947, p. ©29) says: “At the time when 
the inland ice melted away from South 
Sweden the high polar climate had al- 
ready finished. This is, among other 
things, made probable by the absence of 
peri-glacial solifluction and stone poly- 
gons on the Scandinavian Peninsula.” In 
contrast, periglacial features of these and 
other kinds are common in many areas of 
central and western Europe. The climate 
implied by the term “periglacial” has 
been extended into temperate and cool- 
temperate regions in the past only as an 
attendant circumstance of glaciation by 
large ice sheets, and the periglacial cli- 
mate may have come to an end in those 
regions before the ice sheets had com- 
pletely withdrawn. Therefore, it must 
be understood that the term “‘perigla- 
cial” as it is used at present refers to a 
specific set of conditions believed to have 
been characteristic of a relatively nar- 
row zone at times of maximum or near- 
maximum glaciation and extending far- 
ther away from large glaciers on high- 
lands than in lower areas. A term with 
this significance is undeniably conveni- 
ent, and, if this one is to be abandoned, 
it should be abandoned only in favor of 
one more specific. 

It has been argued in the section on 
the origin of involutions that the pres- 
ence of involutions definitely suggests the 
former existence of perennially frozen 
ground or tjaele in central Montana. The 
presence of ice-vein structures may be 
taken as proof of this point, since ice 
veins develop only in tjaele. The wide 
distribution of involutions and wedge 
structures in the area, in a variety of 
topographic and _ geologic situations, 
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shows that the conditions promoting 
their development were general and not 
limited to a few favorable localities, ]j 
tjaele developed at localities 8 and 9 
with practically maximum exposure to 
insolation, it must have been essentially 
continuous throughout the area. 

Tjaele develops only where the mean 
annual temperature is below o° C., per. 
haps several degrees below (Taber, 1943, 
p- 1506; Muller, 1947, p. 4). The present 
mean annual temperatures of several lo- 
calities in central Montana range from 
5° to 8° C. This indicates a temperature 
change of 8°C. or more since the time 
that the wedge structures were formed. 
The present southern boundary of tjaele 
east of the Rocky Mountains is between 
57° and 60° N. Lat. (Muller, 1947, p. 5), 
or about 250-400 miles north of the lati- 
tude of central Montana. 

There is no obvious way of estimating 
the depth to which tjaele formerly exist- 
ed in central Montana. The development 
of broad ice veins is probably limited 
downward by the greater strength of un- 
weathered rock. Ice veins do develop in 
solid rock (Taber, 1943, pp. 1528-1529); 
in fact, they extend deeper in rock than 
in unconsolidated material, because the 
greater conductivity of rock results in a 
greater depth of freezing. However, these 
veins are generally relatively narrow, and 
it is doubtful whether any recognizable 
evidence of their former existence would 
remain after they had thawed. 

The upper ends of the wedge struc- 
tures represent the upper limit of tjaele 
and therefore the lower limit of the sea- 
sonally thawed or “active” layer. At lo- 
calities 8 and g the active layer seems to 
have extended to a depth of about 3 feet, 
and the ground was perennially frozen to 
a depth of at least 13 feet and almost cer- 
tainly substantially deeper. Involutions, 
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on the other hand, are formed not in 
tjaele but in the active layer. Since in- 
volutions at a number of localities extend 
to a depth of about 8 feet, the active 
layer there must have been at least that 
thick. These local differences in the depth 
of thaw may have been caused by differ- 
ences in type of material or vegetative 
cover or any of several other factors 
(Muller, 1947, pp. 6-10). The average 
annual depth of frost penetration in cen- 
tral Montana at present is about 3 feet. 

Wind action has been considered by 
many authors to be frequently associated 
with intensive frost action in the peri- 
glacial zone (Flint, 1947, p. 461). Among 
the authors cited elsewhere in this paper, 
Denny (1936) describes the association 
of fine-grained wind-blown material con- 
taining ventifacts with involutions in 
southern Connecticut; and Selzer (1936) 
discusses ice-wedge structures that were 
formed concurrently with the deposition 
of loess. Wind-polished stones are present 
on the ground surface at many places in 
central Montana and occur at localities 1 
and 8 and very near locality 10. The wind 
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action responsible for the polishing of 
these stones took place at some time in 
the past when there was a less nearly 
continuous cover of grass, since the 
vegetation effectively inhibits wind ac- 
tion at the present time. It may have oc- 
curred under periglacial conditions, or it 
may have taken place at a time of drier 
climate than that of the present, subse- 
quent to the retreat of the last ice sheet. 
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PLEISTOCENE VENTIFACTS EAST OF THE 
BIG HORN MOUNTAINS, WYOMING" 


ROBERT P. SHARP 
California Institute of Technology, Pasadena 


ABSTRACT 


Ancient ventifacts are abundant on gravel-mantled erosion surfaces along the eastern base of the Big 
Horn Mountains. Stones of varied lithologic characteristics and from less than 1 inch to 6 feet in diameter 
have wind-cut surfaces displaying the pitting, fluting, grooving, and luster that is characteristic of ventifacts. 
Faces making angles greater than 55° with the wind are pitted, and faces at lower angles are grooved and 
fluted. As many as twenty separate faces have been cut on a single stone. In this area such multiple faces 
cannot be explained by wind-splitting or by variable winds, so they are attributed to changes in stone position 
caused largely by congeliturbation (frost action) and wind scour. 

Ventifacts rest on erosion surfaces at four levels, 25-325 feet above stream grade. On the lower surfaces 
wind-cut stones are abundant and fresh, but on the higher surfaces they are sparse and deeply weathered. 
At least four separate periods of wind-cutting are indicated by this evidence. Cutting is attributed to sand 
picked up from barren flats and hurled against stones lying in the same environment. Conditions most 
favorable for wind-cutting prevailed during times of glaciation in the mountains, when winds were strong and 
floods of meltwater inundated parts of the piedmont, producing broad barren flats mantled by sand and 
gravel. Ventifacts on the lower erosion surfaces are probably Wisconsin, and those on the highest surfaces 
may be pre-Wisconsin. 

Pleistocene wind directions have been measured at twenty-nine separate localities by careful reference to 
wind-cut faces on large, presumably stable, boulders. The mean Pleistocene wind direction so determined is 
N. 29° W. Modern winds are also consistently from the northwest, and it appears that local orographic con- 
trol was supreme in the Pleistocene as now. Neither glaciers in the Big Horn Mountains nor the continental 
ice sheet, 250 miles north, exerted much influence on local wind directions. 


INTRODUCTION graphs from the United States Depart- 
ment of Agriculture. 


INTRODUCTORY STATEMENT 


This article describes ancient venti- LOCATION AND PHYSICAL SETTING 
facts east of the Big Horn Mountains, The Big Horn Mountains are the prin- 
Wyoming, analyzes their mode of origin, cipal front range of the Middle Rockies 
considers the conditions under which j;, north-central Wyoming. The area 
they formed, gives an approximate date studied lies along the east base of this 
for the wind-cutting, and demonstrates range between Buffalo and Dayton 
the use of ventifacts in determining an- (fig. 1) 
cient wind directions. Ventifacts have A succession of erosion surfaces (pl. 
not previously been reported from this 1, A) flanks the east base of the range 
ire Gale and Wegemann (1910, p. 138) and extends at least 15 miles eastward 
mistook them for glaciated stones. into Powder River Basin. They have alti- 
Study of erosion surfaces east of the tudes of 4,200-6,000 feet and are 25-375 
Big Horns was started in 940, and spe- feet above stream grade. The higher, 
cial attention was devoted to ventifacts ore extensive members are similar to 
in 1946. Total field time to date is 7 features called “pediments” farther 
se The area is covered by the Fort outh (Bryan and Ray, 1940, p. 20), and 
McKinney, Sheridan, and Dayton topo- the Jower surfaces are terraces bordering 
graphic quadrangles and by aerial photo- the present streams. Since study of these 
surfaces is not yet completed, a noncom- 
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mittal terminology is preferred, and they 
will be referred to simply as ‘“‘piedmont 
erosion surfaces.” Alden (1932, pp. 55- 
56) classified them into two groups cor- 
responding to his No. 2 and No. 3 
benches. His No. 1 bench, or Flaxville 
Plain, may also be represented locally by 
a few small remnants. Detailed mapping 
and numerous measurements by hand 
level show that Alden’s classification, al- 
although oversimplified, can be used 
with the addition of plus and minus signs 
to indicate the relationship of surfaces 
somewhat above and below the best- 
developed levels of the No. 2 and No. 3 
benches. 

These erosion surfaces truncate steep- 
ly tilted Mesozoic strata (pl. 1, A) and 
more nearly horizontal Tertiary beds; 
only the lowest terrace appears to be an 
alluvial fill. The surfaces cut on bedrock 
are mantled by boulderly stream gravels 
5-10 feet thick, and it is the surficial 
stones of this mantle that are wind-cut. 
Ventifacts have been reported in similar 
settings from other piedmont areas in the 
Rocky Mountains (Stone, 1889, p. 421; 
Mehl, 1925; Delo, 1930; Wentworth and 
Dickey, 1935, p. 100; Schoewe, 1938; 
Bryan and Ray, 1940, pp. 22, 26). 


DISTRIBUTION OF VENTIFACTS 


Ventifacts are most abundant on ero- 
sion surfaces immediately north of Buf- 
falo (fig. 1), but specimens are scattered 
for 65 miles along the east front of the 
Big Horn Mountains from Trabing to 
Ranchester (fig. 1) and probably beyond 
in areas not investigated. The wind ar- 
rows plotted on figure 1 represent only a 
fraction of the total localities; for wind 
directions could not be determined re- 
liably at all places. Wind-cut stones were 
found in a broad belt about 12 miles 
wide, east of the mountains, but they are 
most abundant in the central part of this 
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belt, 4-7 miles from the base of tiga 
mountains. Only old ventifacts on higi 
surfaces are close to the mountain front} 
young ventifacts on low surfaces are usta 
ally several miles farther east. A fem 
wind-cut stones were found on the subalm 
summit surface (fig. 6) south of Sister 
Hill at 7,700 feet altitude. Ray (1940, p, 
1857) reports ventifacts in a similap 
upland situation in Colorado. 

Ventifacts are lacking in parts of the 
piedmont. Their absence north of Tongug 
River is probably due to the fact that the 
rocks composing gravels on these erosion 
surfaces are not resistant enough to pre 
serve evidence of ancient wind-cutting, 
Erosion surfaces in the vicinity of Sheri- 
dan are buried beneath fine sheet wash or 
flood-plain silts, which effectively hide 
the ventifacts, if any, except possibly it 
cut banks where none has yet been found, 
Many of the highest erosion surfaces aré 
without ventifacts because of the scar 
city of dense siliceous stones which pre 
serve evidence of wind-cutting in spite of 
extended weathering. Finally, ventifacts 
were not found in many places pre 
sumably because the stones were pro- 
tected from the wind by vegetation or 
topography. 

Ventifacts lie on erosion surfaces 25+ 
325 feet above stream grade. In places 
acres of ground are littered with wind 
cut stones. Most of them are partly 
buried in fine soily material, probably 4 
sheet-wash deposit. Only near the base of 


2 Anyone wishing to collect or study ventifacts 
will find them especially abundant at the following 
easily accessible localities. 

1. Follow U.S. Highway 87 for 2.1 miles north 
from the courthouse in Buffalo. At the crest of the 
rise, before the highway descends to Rock Creek 
(Fort McKinney quadrangle), a dirt road branches 
right to an abandoned gravel pit, 100 yards east, 
Ventifacts are scattered over the surface south of the 
gravel pit (SE. + of the NE. 4, Sec. 22, T. 51 Ny 
R. 82 W.). 

2. This locality lies on a low terrace just north 
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steep slopes is the wash thick enough to 
bury the ventifacts completely. Exami- 
nation of a number of cuts and excava- 
tions showed that only the surficial 
stones of the gravel veneer are wind-cut. 


FEATURES OF THE VENTIFACTS 


GENERAL STATEMENT 


In the following discussion the reader 
should keep two facts in mind. First, Big 
Horn ventifacts were cut by wind blow- 
ing consistently from one direction, the 
northwest. This is demonstrated by nu- 
merous large boulders having but a 
single wind-cut surface, which, in every 
instance, faces northwest. These boulders 
are too large to have been moved appre- 
ciably by processes which repeatedly 
shifted smaller stones. Second, wind-cut 
stones 6-15 inches in diameter are abun- 
dant in this region, and much of the fol- 
lowing material applies to ventifacts of 
this size or larger. This distinction is sig- 
nificant because many previous generali- 
zations concerning ventifacts have been 
made with respect to smaller stones. 


ROCK TYPES 


Big Horn ventifacts are composed of 
chert, quartz, quartzite, quartzitic sand- 
stone, gneiss, hornfels, pegmatite, dia- 
base, and many varieties of granite. No 
evidence of wind-cutting was found on 
limestone or dolomite, although venti- 
facts of this composition are common 
elsewhere (Wade, 1910, p. 395; Hume, 
1921, p. 252; King, 1936a, p. 203; Max- 
son, 1940, pp. 726-727). The efficacy of 
solution weathering (Bryan, 1929; Scott, 
1947) on carbonate rocks in this environ- 


of the Buffalo fair grounds. Drive north 1.7 miles 
on U.S. Highway 87 from the courthouse in Buffalo 
and turn east on the dirt road where the highway 
first rises onto the terrace. Ventifacts are scattered 
over the surface for at least 1 mile eastward along 
this road (SW. corner, Sec. 23, T. 51 N., R. 82 W.). 
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ment is demonstrated by abundant solu- 
tion-faceted stones (pl. 4, B), and the lack 
of limestone and dolomite ventifacts can 
be attributed to destruction of wind-cut 
surfaces by solution. 

The ventifacts are not all of the same 
age. The oldest are limited largely to 
dense siliceous rocks, resistant to weath- 
ering, upon which only small patches of 
the wind-cut faces are preserved (pl. 
1, B). The youngest are composed of all 
the rocks listed above, with granitic 
types predominating. Details of wind- 
cut surfaces are influenced by lithologic 
characteristics and structure, as subse- 
quently noted. 


SIZE AND SHAPE 


Most Big Horn ventifacts are from a 
few inches to a foot or two in diameter, 
and extremes range from pebbles j inch 
long to boulders 6 feet in diameter. Some- 
what smaller (King, 1936), p. 277; 
Thiesmeyer and Digman, 1942, p. 179) 
and considerably larger (Powers, 1936, 
p. 215; Mather, Goldthwait, and Thies- 
meyer, 1942, p. 1166) wind-cut stones are 
reported elsewhere. 

Big Horn ventifacts have up to twenty 
wind-cut faces, and the shapes include 
most of those previously described 
(Bryan, 1931, p. 30; Thiesmeyer and 
Digman, 1942, p. 180). Boulders project- 
ing several feet above the ground usually 
show a curved, wind-carved surface (pl. 
4, A), but a few exhibit a more nearly 
plane, wind-cut face (pl. 1, C). Ventifacts 
of intermediate size, 6-15 inches in diam- 
eter, are mostly ridge-shaped, owing to 
the intersection of two major opposed 
faces, or pyramidal, with three to six 
faces converging toward an apex (pl. 
3, A). Wind-cut faces on most pyramidal 
and ridge-shaped ventifacts are confined 
to the upper part of the stone, probably 
because the stone was partly embedded 
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in the ground when cutting occurred. eter and depth. In the Big Horn region 
The ventifacts with as many as ten to. they are best developed in medium- to 
twenty faces are 8-12 inches in diameter coarse-grained crystalline rocks, although 
and exhibit cutting practically all over elsewhere common in lava (Gilbert, 1875, 
(pl. 3, C). Their shapes can best be de- p. 84; Blackwelder, 1929), p. 256; Denny, 
scribed as irregular or polygonal, and the 1941, p. 257). Pits are strongly influenced 
edges between many faces are in some _ by mineral resistance and rock structure, 
instances arranged approximately in a_ Each projecting point on a pitted granit- 
zone like the edges of a mineral crystal ic surface is capped by an area of quartz 
(King, 1936a, p. 208). Smaller stones or other hard mineral, as long ago noted 
with cutting on all sides have fewer faces. by Blake (1855, p. 179) and Brown 
(1909, pp. 130-131). Pits form on faces 
PETS, FLUTES, AND GROOVES making angles between 55° and go” with 
In detail, nearly all wind-cut faces the wind. On curved faces, a transition 
show some degree of pitting, fluting, or from pits to deep flutes with overhanging 
grooving (pl. 3). The nature of these ends occurs as the angle between the face 
markings and their degree of develop- and wind decreases (pl. 4, A). 
ment depends primarily upon lithologic Flutes are scoop-shaped in plan and 
characteristics and orientation of the broadly U-shaped in cross section. They 
face to the wind direction. Pits are ir- may be so small as to be nearly indis- 
regularly shaped (pl. 3, Z) and from the cernible to the naked eye or up to 6 
size of a pencil point to an inch in diam- inches long, 13 inches wide, and { inch 


PLATE 1 


A, Piedmont erosion surfaces, south from Bald Ridge. Chiefly gravel-mantled No. 2 surface truncating 
tilted Mesozoic beds. 

B, Extensively weathered ventifact on No. 2 surface. Only small patches of wind-cut surface remain on 
this quartzite boulder. 

C, Granite boulder with wind-cut face. On terrace of No. 3 group north of fair grounds at Buffalo. 


PLATE 2 


A, Wind-carved boulders on terrace of No. 3 group north of Buffalo fair grounds. Wind blew from the 
lower right (northwest). 

B, Wind-cut grooves in gneissic granite. Foliation parallels northwest wind, which blew from lower left to 
upper right. Six-inch ruler on boulder. 


PLATE 3 


A, Three-facet pyramidal ventifact on granite. Pocket knife in these photographs is 3} inches long. 
B, Fluted wind-cut face on gneiss with fluting transverse to foliation. 

C, Multiple-face ventifact on granite. End view showing cutting on all sides in nearly vertical zone. 
D, Top view of polygonal ventifact in granite. Upper grooved face curves downward to the right. 

E, Pitted and grooved faces on pegmatite. 

F, Wind-cut flutes on quartzitic sandstone, nearly as large but not so deep as stream flutes. 


PLATE 4 


A, Pits and flutes on granitic boulder, showing curved wind-cut face with radial arrangement of flutes. 
B, Solution-faceted limestone cobble. White material on under side is secondary calcareous deposit. Pocket 
knife 3 inches long. 
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deep. The exact shape of a flute is deter- 
mined largely by intersection with its 
neighbors; but it is usually open at one 
end and closed at the other. Most flutes 
open downwind, but some with excep- 
tional depth have overhanging sides and 
a pit with an overhanging roof at the 
downwind end. Flutes form best on sur- 
faces inclined less than 40° to the wind, 
although fluted surfaces inclined up to 
55° have been seen. Flutes become 
shorter and deeper as the inclination of 
| the surface steepens. Unlike pits, they 
' are strikingly independent of mineral 
hardness and rock structure (pl. 3, B) 
unless structure happens to parallel wind 
direction. 

_ Grooves are longer than flutes and 
| open at both ends. The largest seen were 
' 18inches long, 2 inches wide, and 1 inch 
» deep (pl. 2, B). They are best developed 
on surfaces gently inclined or parallel to 
the wind and, like flutes, may cut indis- 
| criminately across mineral grains and 
| rock structures (pl. 3, Z). The change 
from flutes to grooves is gradational, and 
the two forms are not mutually exclu- 
sive, for the surfaces of large grooves are 
often fluted on a small scale. 

Maxson (1940, pp. 727, 733) attributes 
flutes to cutting by wind vortices and 
vortex trains, but this requires cutting 
particles fine enough to follow vortex 
currents. Most sand grains traveling by 
saltation probably pass through small 
vortices without much change of path. 
However, the polish on many wind-cut 
| surfaces suggests that the wind carries 
some material finer than most wind- 
blown sand; and Cailleux (1942, p. 54) 
thinks that fine material may help cut 
| ventifacts. This material may be fine 
' enough to follow wind currents in vor- 
_ tices and thereby aid in cutting flutes and 
grooves. Schoewe (1932, p. 127) discov- 
| ered that sand grains impinging at low 
' angles on hard, smooth surfaces skid in- 
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stead of rebounding directly into the air. 
This could occur on wind-cut rock sur- 
faces and may also have something to do 
with the development of flutes and 
grooves. 

The flutes or grooves on a face are 
parallel except on large-curved surfaces 
facing into the wind, where they radiate 
outward from a central pitted area (pl. 4, 
A). Markings on adjacent faces are usu- 
ally not parallel and may be perpendicu- 
lar, parallel, or oblique to the edges be- 
tween the faces. This discordance can be 
ascribed largely to changes in position of 
the stone between periods of cutting or, 
in limited degree, to the different orienta- 
tion of faces subjected to contemporane- 
ous cutting. Flutes cut on inclined faces 
at right angles to wind direction are 
parallel to the wind, but this is not true 
of markings cut on inclined faces oblique 
to the wind; for the direction of a wind 
current is partly controlled by the orien- 
tation of the face across which it blows. 

Lithologic characteristics influence the 
nature of a wind-cut face and its mark- 
ings. Dense resistant rocks, such as 
quartz and chert, have especially smooth 
faces, with shallow grooves, flutes, and 
pits. Faces on fine-grained diabase and 
similar rocks are more conspicuously 
marked than quartz, but their markings 
do not begin to compare with those on 
granitic and gneissic rocks. Coarse 
gneisses have exceptionally deep grooves 
and pits, where foliation is parallel to the 
wind (pl. 2, B). Faces on a particular 
quartzitic sandstone of this region have 
especially broad, shallow flutes (pl. 3, F), 
which, contrary to Maxson’s statement 
(1940, p. 727), are as large, although not 
so deep, as some stream flutes. 


WIND-CUT SURFACES 

Wind-cut surfaces are distinguished 
from surfaces of other origin primarily by 
small-scale pitting, fluting, or grooving 
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and a degree of luster different from that 
normally displayed by the stone (Cail- 
leux, 1942, p. 58; Thiesmeyer, 1942, p. 
244). Among students of ventifacts the 
term “facet” appears to mean a rela- 
tively plane surface cut at right angles to 
the wind, regardless of the original shape 
of the stone. Since many wind-cut sur- 
faces on boulders in this area lack the 
planar qualities of a facet or were prob- 
ably formed by modification of pre-exist- 
ing surfaces not at right angles to the 
wind, they are described as “faces.” A 
facet is simply one particular type of 
face. 
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served. Since, in this instance, the two 
boulders are lithologically similar and 
must have been exposed to wind-cutting 
for about the same length of time, it 
would seem that original shape has been 
the controlling factor. The faceted boul. 
der probably had a surface about parallel 
to the present facet before wind-cutting 
occurred, or possibly the boulder was 
cut more rapidly because it was low and 
close to the ground where sandblasting is 
most intense. 

Some wind-cut faces on stones of inter- 
mediate size, 6-15 inches in diameter, 
have all the aspects of true facets; but 
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Fic. 2.—Concave faces on quartz ventifact 


As previously shown (Gilbert, 1875, 
p. 84; Blackwelder, 19292, p. 396; 19298, 
p. 256; Denny, 1941, p. 257; and many 
others), large boulders projecting several 
feet above the ground may split the wind 
in radial fashion, so that a curved surface 
is formed. In the background of plate 2, 
A, is such a boulder, but in the fore- 
ground is another large stone with a 
more gently inclined, nearly plane wind- 
cut face—in fact, a facet. It is conceiv- 
able that the curved surface is the initial 
stage and the facet the advanced stage of 
long-continued wind-cutting on large 
stones, but the various transition stages 
between these extremes were not ob- 


many others are gently concave (fig. 2), 
convex, or even wavy, and some curve 
through angles of 70°-80° (pl. 3, D). 
Curves in sections transverse to the wind 
are predominantly convex, but in sec- 
tions parallel to the wind they may be 
either concave or convex. Wind-cut sur- 
faces on some ventifacts appear curved 
because they consist of a series of small 
facets intersecting in very oblique angles. 

Bryan (1931, p. 35) and Schoewe 
(1932, pp. 131-132) have emphasized 
that the depth of sand-laden wind cur- 
rent and height of stone have much to do 
with the form of wind-cut surfaces. Bag- 
nold (1942, pp. 36-37) demonstrates that 
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the depth of the sand-laden layer is de- 
termined by the height of rebound of 
grains traveling by saltation. This is con- 
trolled by a number of conditions, but it 
is higher in areas where the ground is 
mantled with stones than in places where 
the mantle is solely sand or soil, for the 
hard stones provide a more resilient re- 
bounding surface. The maximum depth 
of sand-laden current over sand-covered 
surfaces is about 18 inches, but over 
gravel-covered surfaces it may be nearly 
4 feet (Bagnold, 1942, pp. 11, 18). A still 
more important factor is the density dis- 
tribution of sand grains within the sand- 
laden current. The mean height of all 
sand grains traveling by saltation across 
asand-covered surface is about 0.9 cm., 
and most of the grains do not rise above 
2cm. (Bagnold, 1942, p. 63). Above a 
stone-mantled surface these figures may 
be more than doubled. One other factor 
of significance to wind-cutting is the 
angle of incidence, 10°—16°, between sal- 
tating grains and a horizontal surface 
(Bagnold, 1942, p. 16). These various re- 
lations are illustrated in figure 3. 

A stone so small that it lies wholly 
within the dense bottom layer of the 
sand-laden current, about the lower 4-8 
cm. under conditions existing in the Big 
Horn piedmont, will be cut uniformly, 
and a facet will be developed. This has 
been established by Schoewe’s experi- 
ments (1932, p. 131) and confirmed by 
Maxson’s field observations (1940, p. 
735). The distribution of sand grains in 
this bottom layer may not be entirely 
uniform, but the greater energy of the 
grains traveling at higher levels probably 
compensates for their somewhat fewer 
lumber. If the stone rises above the 
dense bottom layer, its lower part will be 
cut more vigorously, and a concave face 
will be formed (fig. 4), at least in the 
tarly stages. Sand grains rebounding 
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from the rock surface take longer hops 
and are more widely dispersed when they 
hit the rock face at a higher level, and 
other rebounding grains are deflected to 
the sides by wind currents flowing later- 
ally around the stone. Thus the number 
of impacts and therefore the intensity of 
cutting on the upper part of the stone 
are reduced, even though some of these 
grains may have greater striking force 
because of their longer paths and greater 
fall. If conditions are stable, the stone 
can be lowered by continued sandblast- 
ing until it finally lies wholly within the 
zone of maximum and uniform cutting, 
where the wind-cut face can be reduced 
to a plane (fig. 4). The face then becomes 
a facet, and large stones may develop 
low-angle facets in this way. Lambert 
(1936, p. 26) states that wind-cut faces 
are concave when inclined less than 45° 
with the horizontal and are convex when 
approaching vertical; but from the above 
it appears that height of stone is a more 
important factor, and, as a matter of ob- 
servation, high-angle faces are not uni- 
versally convex or low-angle faces uni- 
versally concave. One should also recog- 
nize that the size of the stone is not the 
important thing but rather the height to 
which it projects above ground level. A 
boulder several feet in diameter may be 
so deeply buried that its upper surface 
projects only slightly above the ground. 
Given time, wind-cutting will develop a 
facet on that boulder. 

Steep wind-pitted toes (pl. 3, Z) prob- 
ably represent an original steep face at 
the base of the stone. Cutting on a nearly 
vertical face is less than on a face inclined 
30° from the vertical (Woodworth, 1894, 
p. 69; Schoewe, 1932, pp. 128-129), pre- 
sumably because the sand grains re- 
bounding from the vertical face collide 
with grains moving toward it (Wood- 
worth, 1894, p. 69). The steep toe on a 
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Fic. 3.—Paths of saltating sand grains, showing influence of stones in producing higher rebound. Dashed 
line marks approximately top of dense bottom layer in the sand-laden wind current. Modified from Bagnold 


(1942, p. 36). 
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Fic. 4.—Development of concave wind-cut face and eventual reduction to a facet. Sand grains not shown 
as rebounding from stones are diverted out of the plane of the drawing. Dashed line marks approximate top 
of dense bottom layer in the sand-laden wind current. 
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stone would thus not be cut back so 
quickly as would other more gently in- 
clined surfaces on the same stone. 

Wind-cut surfaces on large stones de- 
velop a convexity in plan view because of 
additional cutting by rebounding sand 
grains deflected to the sides but not clear- 
ing the stone on the first hop. If the 
stone’s original surface is curved, this 
aids lateral diversion. However, the 
amount of lateral diversion becomes less 
as the angle of inclination of the surface 
becomes lower, and very gently inclined 
faces of considerable width may have 
almost no convexity in plan view. 

Most wind-cut surfaces facing into the 
wind are inclined 30°-60° from the hori- 
zontal. Earlier observations (Bryan, 
1931, p. 32; Needham, 1937, p. 33) and 
experiments (Woodworth, 1894, p. 69; 
Schoewe, 1932, pp. 128-130) indicate 
that reduction of faces at angles below 
30° proceeds slowly, but cutting does not 
cease entirely at that angle, as shown by 
a large number of transverse faces in the 
Big Horn area with inclinations of 20°- 
30. No consistent relation was noted be- 
tween degree of inclination and lithologic 
characteristics as recorded by Cloos 
(1911, p. 59). Stone (1889, p. 420) and 
Wade (1910, p. 396) state that faces can 
be planed to horizontal attitude by wind 
action, but King (19364, p. 206) is skepti- 
cal, and Schoewe (1932, p. 129) con- 
cludes from his experiments that sand 
corrasion does not occur on horizontal 
surfaces. 

In this area horizontal wind-cut faces 
were found on large boulders, on flat 
platy stones, and on polygonal ventifacts 
6-10 inches in diameter. However, it is 
not possible to assert that any of these 
faces were reduced to horizontal attitude 
by wind action; they may have been 
horizontal joint surfaces or, on the 
smaller stones, may have been rotated 
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into the horizontal position. Neverthe- 
less, these faces, whatever their origin, 
have been modified in the horizontal po- 
sition by wind-cutting; for their flutes 
and grooves are parallel to the wind. If 
wind can cut such markings on hori- 
zontal faces, there seems no reason why 
faces cannot be reduced to horizontal at- 
titude by wind action if the stone is 
stable and the process long continued. 
Since saltating sand grains strike hori- 
zontal surfaces at angles between 10° and 
16° (Bagnold, 1942, p. 16), it is easy to 
see how this cutting could occur. Max- 
son (1940, pp. 738-739) has observed 
transverse faces in all positions down to 
horizontal in Death Valley without being 
certain that the positions of the faces 
were due wholly to reduction by wind. 

Sharp edges between adjacent faces 
are considered characteristic of venti- 
facts (Cailleux, 1942, p. 41), but not all 
edges need be sharp; for the leading edge 
of a face is usually blunt, rounded, and 
pitted, in contrast to the relatively sharp 
trailing edge, as noted by Heim (1887, 
p. 384) and Matthes (1934, p. 195). 


MULTIPLE FACES 


Multiple faces on ventifacts have been 
attributed to the original shape of the 
stone and wind-splitting’ (Heim, 1887, 
pp. 384-385), to winds from different di- 
rections (Stowe, 1873, p. 106; King, 
19366, p. 280; Barnes and Parkinson, 
1939, p. 670), and to shifting of stones 
(Woodworth, 1894, pp. 69-70; Bather, 
1900, p. 405; Wade, Ig10, p. 397; 
Schoewe, 1932, p. 133; Cailleux, 1942, p. 
44; and others). These processes are not 
mutually exclusive, but in the Big Horn 
area winds from different directions may 
be discounted, as evidence is good that 


3 Cloos (1911, p. 54) early took a more moderate 
view than many Continental Europeans in stating 
that the principal windward facet on a ventifact 
will be at right angles to the wind direction. 
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the wind blew consistently from one di- 
rection. Wind-splitting probably affected 
some boulders larger than 12-18 inches 
in diameter and smaller stones of favor- 
able shape and orientation, but it seems 
clear that wind-splitting cannot explain a 
large number of faces intersecting in 
sharp acute edges, cannot account for 
faces showing great diversity in orienta- 
tion of grooves and flutes, and probably 
did not operate effectively on most stones 
less than 12-18 inches in diameter. Shift- 
ing of stones seems the inescapable cause 
for multiple faces on most Big Horn 
ventifacts a foot or less in diameter. 
Some fluted or grooved surfaces show 
superimposed pitting or a secondary set 
of flutes or grooves discordant with ear- 
lier markings. This would be an expected 
by-product of stone shifting. If the face 
had occupied the new position long 
enough, the older markings would have 
been destroyed; but in many cases re- 
newed shifting moved the face to a pro- 
tected position before this happened. A 
fluted surface showing superimposed pit- 
ting must have been rotated so as to face 
more steeply into the wind. The reverse 
happened for pitted surfaces with super- 
imposed flutes, and surfaces with two 
sets of flutes or grooves in different direc- 
tions have probably experienced oblique 
tilting or rotation around a vertical axis. 
The amount of shifting and the orien- 
tation of the axes around which it has 
occurred can be determined only approx- 
imately. Ventifacts with eight or nine 
narrow facets separated by roughly par- 
allel obtuse edges (pl. 3, C) suggest re- 
peated small shifts around a more or less 
horizontal axis transverse to the wind. 
Superimposed pits and flutes indicate 
that this rotation has been downwind in 
some instances and upwind in others. 
Pyramidal ventifacts could be produced 
by rotation around a more or less vertical 
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axis or, if composed of three faces, pos. 
sibly by rotation around two horizontal 
axes making a large angle with each 
other. However, most pyramidal venti- 
facts in the Big Horn area with the faces 
limited to the upper half of the stone 
suggest rotation around a vertical axis, 

Shifting of ventifacts has been attrib. 
uted to undermining by wind scour 
(Bather, 1900, p. 405; King, 1936s, p. 
208), overturning by strong winds 
(Wade, 1910, p. 397; Cailleux, 1942, p. 
45), stirring by frost action (Cailleur, 
1942, p. 45), and a host of other proc- 
esses, including rain wash, animals, 
creep, settling, and solution (Schoewe, 
1932, Pp. 132). 

Undermining by wind scour perches 
stones on tiny pedestals. If sand supply 
is not too abundant, this scouring occurs 
on the sides and rear as well as to wind- 
ward. However, cutting on the windward 
side is the most intense, and most stones 
should rotate into the wind about a 
roughly horizontal transverse axis. Ob- 
servation of stones on sandy flats in 
Minnesota and simple experiments with 
a sand table show this to be the case; but 
some instances of rotation around hori- 
zontal axes parallel or oblique to the 
wind, because of the shape of the stone or 
strong lateral undercutting, have been 
seen. Very strong gusts of wind may 
cause small perched stones to rotate ina 
downwind direction (Cailleux, 1942, p. 
45); but evidence of such rotation was 
not observed on the Minnesota sand 
flats or reproduced experimentally, al- 
though markings on Big Horn ventifacts 
suggest downwind rotation. It is difficult 
to imagine wind scour causing rotation 
around a vertical axis, and this difficulty 
led Barnes and Parkinson (1939, p. 679) 
to postulate winds from four different 
directions to explain pyramidal venti- 
facts from Cambrian sandstone in Texas. 
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Wind scour may have shifted venti- 
facts in the Big Horn area, particularly 
the smaller ones, but wind scouring was 
by no means universal. The distribution 
of wind-cut faces on many ventifacts 
shows clearly that these stones were one- 
third to two-thirds buried in the ground 
when cutting occurred. They must have 
been moved by some other process. Rain 
wash could shift small stones, but it faces 
the same difficulty as wind scour with re- 
spect to larger, partly buried boulders. 
The scour and fill attending floodwaters 
would have incorporated wind-cut stones 
within the gravel mantle, and that is con- 
trary to field data. In a cold climate 
freezing and thawing disturb the ground 
by heaving, solifluction, and related 
processes, for which Bryan (1946, p. 633) 
has suggested the inclusive term ‘‘con- 
geliturbation.” For reasons to be given 
shortly, it is thought that Big Horn 
ventifacts were cut during glaciation in 
the near-by mountains, so congeliturba- 
tion and wind-cutting could have been 
contemporaneous on the Big Horn pied- 
mont. Congeliturbation appears to be the 
only process capable of shifting stones 
partly buried in the ground. Further- 
more, differential horizontal movements 
of the mantle rock caused by congelitur- 
bation might have produced the rotation 
around vertical axes seemingly required 
by many ventifacts. Denny (1936, p. 
336), Bryan (1937, p. 679), and Bryan 
and Ray (1940, p. 26) describe con- 
geliturbation concurrent with wand-cut- 
ting in other areas; and Cailleux (1942, 
pp. 45, 127) ascribes shifting of many 
large multifaced ventifacts in Europe to 
“cryoturbation,” an identical process. In 
the Big Horn region congeliturbation 
probably outdid wind scour in shifting 
stones. Whatever the process of shifting, 
it ceased at about the same time as wind- 
cutting, for transverse faces on small 
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ventifacts still face northwestward, and 
the orientation of flutes and grooves 
shows that many ventifacts have not 
been moved subsequent to wind-cutting. 


CONDITIONS ATTENDING WIND-CUTTING 


Ventifacts imply an environment fea- 
turing four conditions: (1) adequate but 
not too abundant supply of a suitable 
cutting tool, (2) lack of complete vegeta- 
tive cover, (3) relatively strong winds, 
and (4) topography permitting free 
sweep of the wind. 

Ventifacts are usually attributed to 
cutting by wind-driven sand, but Teichert 
(1939) suggests that wind-blown snow 
particles at low temperatures may cor- 
rade rocks, and Blackwelder (1940, p. 61) 
summarizes data showing that ice at 
very low temperatures (— 109°3 F.) may 
have a hardness approaching 6. How- 
ever, cutting of Big Horn ventifacts 
solely by wind-blown ice particles is not 
favored for the following reasons: (1) 
Even if temperatures in this area during 
the glacial ages were consistently — 40° 
to —50° F., ice particles would have had 
a hardness no greater than 4 (Teichert, 
1939, p. 147). (2) Even though ice below 
—7°6F. will not melt by pressure on 
impact (Barnes, 1928, pp. 86-87), its 
brittleness at such low temperatures may 
render it relatively ineffective as a cut- 
ting tool. (3) It is yet to be demonstrated 
that wind-blown ice particles at any tem- 
perature can produce ventifacts of the 
type found here. (4) The ability of ice 
particles to carve quartz and chert venti- 
facts at any temperature is highly ques- 
tionable. (5) Big Horn ventifacts should 
be more widely distributed if cut by ice 
particles, for snow was certainly more 
widely available than sand. (6) Snow is 
often so abundant, when present, that it 
buries small stones and protects them 
from cutting. 
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For these reasons, sand is the favored 
cutting tool. It may have come from bar- 
ren sandy gravel flats along streams, 
from bare gravel banks on risers between 
erosion surfaces, or from disintegrating 
outcrops of Mesozoic and Cenozoic sand- 
stones. The first source appears the most 
adequate. Some of the sand probably 
came from the very surface on which the 
wind-cut stones rested, for wind scour 
may have been responsible for shifting 
some stones to allow cutting of multiple 
faces. Scouring would indicate a limited 
supply of sand, which is desirable; a too 
copious sand supply buries the stones 
before cutting can occur (Schoewe, 1932, 
p. 131). 

The only accumulations of wind-blown 
sand recognized in this area are small 
ancient cliff dunes perched along the 
upper edges of bare north-facing cliffs, 
from which the detritus composing the 
dunes has been derived. There are three 
such occurrences: on top of Moncrief 
Ridge, on Bald Ridge, and on a high 
erosion surface 1 mile southeast of the 
Cross H Ranch near Sand Creek (fig. 1). 
The dunes on Moncrief Ridge contain 
remnants of four soil profiles, suggesting 
four periods of deposition separated by 
episodes of weathering and vegetative 
growth. This scarcity of sand accumula- 
tions is not a serious problem; for other 
regions of active wind-cutting are devoid 
of accumulated sand and the total 
amount required for cutting may not be 
great. In the Big Horn area the wind 
blew transversely across the piedmont 
slope, so that sand picked up from the 
barren flats along one stream could have 
been carried by the wind and dumped 
into the next stream, provided that the 
path was clear of topographic or vegeta- 
tive obstructions. At times barren flats 
probably extended from one stream to 
the next, as sketched (fig. 5), so wind- 
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blown sand could have been disposed of 
in this manner. It seems likely that some 
accumulation of sand did occur, but such 
deposits, if not removed by subsequent 
erosion, have been so modified by weath- 
ering, wash, and mass movement as to 
have escaped recognition. 

Vegetation is a powerful factor in re- 
stricting wind-cutting; even the present 
sparse cover of grass and brush is enough 
to prevent sandblasting. However, com- 
plete absence of vegetation is not neces- 
sary, for wind-cutting occurs in some 
desert areas supporting a sparse growth 
of widely scattered bushes. The problem 
is to find some means of producing and 
maintaining broad areas almost entirely 
barren of vegation. 

Vegetative cover may be reduced or 
destroyed by climatic variation or geo- 
logical change; but climatic variation 
alone, without accompanying geological 
change, probably would not produce op- 
timum conditions for sandblasting. A 
change to a cold climate would actually 
enhance the vegetative cover by decreas- 
ing evaporation (Ray, 1940, p. 1912) 
and, if severe enough, by producing a 
frozen subsoil which holds moisture near 
the surface. A severe warm-dry climate 
could reduce vegetation to the extent 
that sandblasting might occur; but such 
a climate should reduce vegetation all 
over the piedmont, thus permitting syn- 
chronous cutting on high and low erosion 
surfaces. This is contrary to field fact, for 
ventifacts on high surfaces are old and 
those on low surfaces are young. 

Geological changes most likely to have 
destroyed vegetation in the Big Horm 
piedmont are dissection and deposition. 
In areas of shallow ground water, dis- 
section can alter vegetation by lowering 
the ground-water table (Cooper, 1935, 
pp. 88, 95, 102, 108), but the efficacy of 
this process in a region of relatively deep 
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ground water, such as the Big Horn pied- 
mont, is open to question. 

Deposition appears much more prom- 
ising, especially the somewhat cata- 
strophic widespread scour and fill pro- 
duced by floods. Broad river flats or pied- 
mont surfaces mantled by recently de- 
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Deposition on all the erosion surfaces 
of the Big Horn piedmont is attested by 
their thin veneer of stream gravel, but 
this deposition was primarily of the cut- 
and-fill variety, much like that along the 
present streams. Unless climatic condi- 
tions and stream behavior were much dif- 
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Fic. 5. 


Topographic situation in Big Horn piedmont during wind-cutting. Old ventifacts on high vegeta- 


tion-covered erosion surfaces protected from sand-blasting under way in foreground. Arrows indicate wind 


direction. 


posited sand and gravel are ideal for 
sandblasting on three counts: (1) they 
are bare of vegetation, (2) their flatness 
permits free sweep of the wind, and (3) 
they provide both a source of sand to do 
the cutting and stones to be cut. En- 
croachment of new vegetation on such 
flats would probably be delayed long 
enough by vigorous sandblasting to per- 
mit cutting of ventifacts. 


ferent at earlier periods, such cut-and-fill 
produced only narrow strips of raw de- 
bris, closely confined on both sides by 
vegetation. The winds of this area, trans- 
verse to such narrow strips, could not 
have obtained sufficient fetch to cut 
ventifacts. Broader areas must have been 
inundated by a more catastrophic proc- 
ess, probably floods, which spread over 
erosion surfaces lying close to stream 
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grade. Those parts of the piedmont close 
to the mountains across which the 
streams flowed in incised courses would 
not have been affected, but, farther out, 
wide areas probably extending from one 
stream to the next could have been 
inundated (fig. 5). At earlier stages, 
when the higher surfaces were at stream 
grade, they, too, could have been inun- 
dated. 

Floods on the Big Horn piedmont 
could have been produced by either 
warm-dry or cold climatic conditions. 
Floods resulting from a cold climate 
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thick gravels on the piedmont erosion 
surfaces need not rule out the floodwater 
hypothesis. 

The major problem is to choose be. 
tween a warm-dry and a cold climate. 
The latter is favored, for, as will be 
shown shortly, wind-cutting took place 
at several different times and the cli. 
matic conditions favorable to sandblast- 
ing must have occurred repeatedly. The 
various Pleistocene glacial stages and 
Wisconsin stadials provide ample cold 
periods, but warm-dry periods are less 
abundant. The post-Wisconsin optimum, 
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would consist of meltwater from the 
glaciers in the Big Horn Mountains, 
while those produced by a warm-dry cli- 
mate would be of the cloudburst variety 
characteristic of semiarid and arid re- 
gions. In either case the total amount of 
detritus carried out from the mountains 
need not have been exceptional. The 
floods may simply have re-worked debris 
that already lay on the piedmont sur- 
face. This would have been the case par- 
ticularly for glacial floods, as most of the 
outwash debris from the mountain gla- 
ciers is trapped in shallow valleys on the 
subsummit upland (fig. 6) and no valley 
trains extend to the eastern base of the 
range (Darton, 1906, pl. 26). The lack of 


Fic. 6.—Topographic profile of east half of Big Horn Mountains 


8,000-4,000 years ago, was a_ period 
warmer and drier than the present and 
perhaps favorable to wind-cutting; but 
one must go back to pre-Wisconsin inter- 
glacial stages to find other suitable 
warm-dry periods. The various inter- 
stadials of the Wisconsin were probably 
cooler and possibly more humid than the 
present. Thus all but the youngest Big 
Horn ventifacts would have to be pre 
Wisconsin if formed during warm-dry 
periods, and this seems highly unlikely. 
On the other hand, not only are cold pe 
riods numerous, but they are known to 
have been accompanied by strong winds, 
and frozen ground is particularly favor- 
able for movement of sand. In so far a 
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congeliturbation (Bryan, 1946, p. 633) 
may have been responsible for the turn- 
ing of ventifacts with multiple faces, cold 
conditions are further indicated. 

For these reasons it is maintained that 
the Big Horn ventifacts were formed al- 
most wholly on sand and gravel flats in- 
undated by floods of meltwater from 
near-by mountain glaciers and exposed 
to the strong winds of a periglacial en- 
vironment. Antevs (1928), Hobbs (1942; 
1943, pp- 369-378), and Belknap (1941, 
p. 235) have emphasized the aspects of 
such an environment which are highly 
favorable to wind-cutting. At each pe- 
riod large areas of the Big Horn pied- 
mont were not inundated and were not 
suitable for wind-cutting, and this ac- 
counts for the patchy distribution of 
ventifacts, as well as the different ages of 
ventifacts on erosion surfaces of different 
levels. 


AGE OF VENTIFACTS 


The antiquity of these ventifacts is 
demonstrated by the following facts: 
(1) they are located on brush- and grass- 
covered flats (pl. 2, A), across which no 
sand could be blown at present with suf- 
ficient force to cut the stones; (2) wind- 
cut faces are partly, and in some cases 
wholly, buried in a deposit of fine sheet 
wash; (3) exposed faces are commonly en- 
crusted with lichen; and (4) many venti- 
facts on the higher erosion surfaces are 
extensively weathered (pl. 1, B). 

Ventifacts have been found on erosion 
surfaces of at least four distinct levels. 
For example, north of Clear Creek just 
west of Buffalo (fig. 1), ventifacts lie on 
surfaces 25, 115, 265, and 285 feet above 
present stream grade. South of French 
Creek they occupy surfaces at four dif- 
ferent levels 25-325 feet above stream 
grade. This relation in itself suggests 
that not all the ventifacts are of the same 
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age, a conclusion amply borne out by dif- 
ferences in degree of weathering. 

The most-abundant and _best-pre- 
served ventifacts are on the lowest sur- 
faces, Alden’s (1932, pl. 1, east half) No. 
3-bench group, where rocks of nearly all 
types except limestone and incoherent 
sandstone exhibit evidence of wind-cut- 
ting. Here easily weathered rocks, such 
as coarse granite, diabase, and meta- 
morphics rich in ferromagnesian min- 
erals, have well-preserved wind-cut faces. 
On the highest erosion surfaces, the No. 
2-bench group, ventifacts are sparse and 
badly weathered, and wind-cut surfaces 
are preserved only in vestiges (pl. 1, B) 
on the most resistant rocks, usually those 
of dense texture and siliceous composi- 
tion. Transitions between the two ex- 
tremes of abundant fresh ventifacts on a 
wide variety of rocks and sparse deterio- 
rated ventifacts on predominantly sili- 
ceous rocks are found on erosion surfaces 
at intermediate levels. 

Four separate periods of wind-cutting 
cannot be established solely from the de- 
gree of preservation of ventifacts, al- 
though it is frequently possible to say, on 
the basis of weathering, that the venti- 
facts at one place are younger or older or 
about the same age as those of another 
locality. The fact that ventifacts showing 
differing degrees of weathering rest on 
erosion surfaces of four different levels is 
held to be ample proof that at least four 
separate periods of wind-cutting oc- 
curred. The remnants of four soil profiles 
in deposits of wind-blown sand on Mon- 
crief Ridge may also be significant in this 
connection. 

If the four separate periods are ac- 
cepted, then it must be assumed that 
wind-cutting on an erosion surface oc- 
curred before it was dissected. That this 
need not be universally true is suggested 
by Wentworth and Dickey (1935, p. 101) 
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and demonstrated on Moncrief Ridge, a 
high piedmont ridge between North 
Piney and Little Goose creeks (fig. 1) at 
an altitude of 6,500 feet. Along the north 
edge of Moncrief Ridge are small cliff 
dunes, composed of disintegrated debris 
blown up from a bare cliff of coarse 
granitic gravel which composes the north 
face of the ridge. Between the dunes and 
the edge of the cliff is a number of rela- 
tively fresh ventifacts. Moncrief Ridge is 
much higher and older than any of the 
erosion surfaces upon which extensively 
weathered and presumably older venti- 
facts have been found; thus ventifacts 
can be cut along the upwind edge of an 
erosion surface after it has been dis- 
sected. However, such action is limited to 
the edge of the surface above a bare cliff, 
and ventifacts lying more than 100 or 200 
feet back from the edge must have been 
cut before the surface was extensively 
dissected. Vegetation is a major factor in 
this connection; for an erosion surface 
will be bare of vegetation only during 
and for a short time after its gravel cover 
has been spread or reworked by floods. 
By the time that dissection occurs, 
enough vegetation should have devel- 
oped to prevent much movement of sand. 
Wind-cutting on dissected surfaces is 
further handicapped by topographic iso- 
lation from river floodplains, the major 
source of sand (fig. 5). Therefore, the age 
of the ventifacts, with few exceptions, 
would appear to be the same as the age of 
the erosion surface upon which they lie. 

The erosion surfaces of the Big Horn 
piedmont can hardly be older than Pleis- 
tocene (Alden, 1932, pp. 44, 59), and 
some relation with the Pleistocene glacial 
succession would be expected. Except for 
the lowest terrace, these surfaces are cut 
on rock; they are not gravel fills, and one 
cannot assert that each surface corre- 
sponds to a phase of glacial outwash from 
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the near-by mountains, as is partly the 
case farther south (Bryan and Ray, 1940, 
p. 15). Furthermore, the local topo. 
graphic situation precludes any attempt 
to trace the levels of ventifact-bearing 
surfaces back to the glaciated areas of the 
Big Horn Mountains. The backbone oj 
this range is a series of high peaks flanked 
by a broad subsummit surface of gentle 
relief at 7,500-9,000 feet (fig. 6). This 
subsummit surface is separated from the 
piedmont by the abrupt east face of the 
range, composed of sharply upturned 
Paleozoic beds. Glaciers from the high 
peaks moved onto the subsummit sur- 
face, but nowhere did they reach the east 
base of the range.‘ Streams from the 
glaciated areas pass out of the range in 
deep narrow rock gorges through which 
successive outwash trains cannot be 
traced. Thus it is impossible to relate the 
piedmont erosion surfaces directly to the 
two stages of Pleistocene glaciation rec- 
ognized in the mountains (Salisbury and 
Blackwelder, 1903, pp. 216-220). 

On the basis of data from other areas, 
Alden (1932, p. 59) states that the No. 3 
bench was completed as early as the on- 
coming of the Wisconsin, which would 
mean the Tazewell or some later substage 
of the Wisconsin as the sequence is now 
interpreted. He (Alden, 1932, p. vii) cor- 
relates the No. 2 bench with the Circle 
terraces, which were presumably at 
stream level during the Bull Lake 
(Iowan) substage of the Wisconsin 
(Blackwelder, 1915, p. 316; Fryxell, 
1930, Pp. 39-42; Horberg, 1938, p. 75): 
Horberg (1940, p. 292), however, states 
that the No. 3 terrace (bench) along Yel- 
lowstone Valley was completed prior to 

4Alden (1932, p. 43) has suggested that great 
piedmont gravel ridges, such as Moncrief, Bald, and 
North (fig. 1), along the eastern base of the range are 
of Pleistocene glacial origin. This view is not ac- 


cepted here, and the origin of these gravel ridges is 
the subject of a separate paper (Sharp, 1948). 
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the earliest Wisconsin (Iowan) glacia- 
tion. If correct, this would make the No. 
2 bench pre-lowan, and Alden (1932, p. 
32) has found evidence farther north in- 
dicating that it may be as old as Kansan 
or Nebraskan. Antevs (1945, pp. 24-25) 
suggests that Bull Lake glaciers may 
have been pre-Wisconsin, which, coupled 
with Horberg’s interpretation, would 
make both the No. 2 and the No. 3 
benches pre-Wisconsin. This seems un- 
likely; but, in view of the above incon- 
sistencies, the only conclusion possible is 
that the erosion surfaces east of the Big 
Horns are Pleistocene, the lower ones 
probably Wisconsin, and the higher ones 
possibly pre-Wisconsin. 

For reasons already given, optimum 
conditions for wind-cutting in this area 
are thought to have occurred during 
times of glaciation in the Big Horn 
Mountains. However, wind-cutting oc- 
curred only upon an erosion surface es- 
sentially at stream grade. At times, 
streams of glacial meltwater from the 
mountains probably flowed across the 
piedmont in incised channels, so that 
broad, barren flats were not developed 
and no ventifacts were formed. Thus 
each phase of glaciation in the mountains 
need not have given rise to a period of 
wind-cutting on the piedmont; venti- 
facts were formed only when a piedmont 
erosion surface lay close to stream grade 
during a phase of mountain glaciation. 

Certainly, the recognition of four pe- 
tiods of wind-cutting should not be inter- 
preted as indicating correlation with the 
four major stages of Pleistocene glacia- 
tion. It seems likely that more than one 
of the periods of wind-cutting occurred 
within the Wisconsin; for at least two 
substages of Wisconsin glaciation are 
widely recognized in western mountains 
(Blackwelder, 1931, p. 918; Antevs 
1945, Table II, p. 24), and Bryan and 
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Ray (1940, pp. 27-35) have distin- 
guished five substages of the Wisconsin 
farther south in the Rockies. The oldest 
ventifacts on the highest surfaces may 
well be pre-Wisconsin, but it is not pos- 
sible to assign them to any specific pre- 
Wisconsin stage. Powers (1936, pp. 216- 
219) recognizes pre-Wisconsin wind-cut- 
ting on terrace boulders in the southern 
Rockies. 


PLEISTOCENE WIND DIRECTION 


In determining ancient wind direc- 
tions from ventifacts (Powers, 1936, pp. 
215, 218; Denny, 1941, p. 257; Dow, 
1940, p. 476; Cailleux, 1942, p. 73; and 
others), the major problem is to show 
that the stones have not been moved 
since the wind-cutting. In the Big Horn 
region large boulders with wind-cut faces 
on only one side have clearly not been 
shifted, since the faces on a number of 
such boulders at one locality all face the 
same direction (pl. 2, A). Usually, it can 
be shown by reference to these large 
stones that many of the smaller venti- 
facts have not been moved since the last 
episode of wind-cutting, and they can 
also be used for measuring wind direc- 
tion. 

Measurements of wind direction are 
most reliable when made with reference 
to the orientation both of a face and of 
the grooves, flutes, or pits on its surface. 
Pitted surfaces faced more or less di- 
rectly into the wind; grooved or fluted 
faces may have been transverse or ob- 
lique to the wind. If these markings are 
parallel to the dip line of the surface, it 
faced directly into the wind. If they are 
at an angle to the dip line, the face was 
oblique to the wind and should not be 
used. The directions of flutes and grooves 
across oblique faces are also unreliable, 
as orientation of the faces controlled to 
some degree the direction of air move- 
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ment. However, flutes or grooves on hori- 
zontal or gently inclined surfaces can be 
used with reasonable reliability. In this 
work, eight to twenty readings were 
made on separate stones at each locality 
and were averaged. Consistent results 
were obtained by following this practice 
and by observing the relations between 
faces and surface markings outlined 
above. 
TABLE 1 
TRUE WIND VELOCITIES AT SHERIDAN, 


WYOMING, IN MILES PER HOUR 
(WYLAND, 1945, p. 3) 


Average Direction 
Hoary | 
Velocity y Velocity 
Length of 
record in 
years.....| 33 33 36 36 
January.... “5 NW. 57 NW. 
February. . . 5.2 NW. 45 NW. 
March..... 6.4 NW. 52 NW. 
April 7.3 NW. 47 NW. 
May. ..... 9.2 NW. 47 NW. 
NW. 42 NW. 
4.9 NW. 49 SW. 
August..... 4.7 NW. 58 NW. 
September. . 4.8 NW. 59 NW. 
October. ... 2.3 NW. 49 NW. 
November. . 4-7 NW. 47 NW. 
December... 4.9 NW. 47 NW. 
Average 
for year} 5.5 NW. 53 NW. 


* Maintained for a period of 5 minutes or more. Usually 
velocities one-half to two-thirds these values were maintained 
for several hours before and after the peak maximum of the 
storm and from the same genera] direction. 


The map (fig. 1) shows wind directions 
thus determined at twenty-nine locali- 
ties. Reliable measurements could not be 
made at all ventifact localities because of 
the scarcity of wind-cut stones, high de- 
gree of weathering, or lack of large, stable 
wind-cut boulders. 

It is clear that at all periods of wind- 
cutting the prevailing winds were from 
the northwest, ranging from N. 10° W. to 
N. 60° W., with a concentration in a N. 
20° to 30° W. direction and an average 
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for all readings of N. 29° W. Ventifacts 
along the base of the Colorado Front 
Range also indicate a northwest wind 
(Stone, 1889, p. 421). 

Winds in the Big Horn region had a 
slightly stronger northern component 
away from the mountain front, although 
this tendency was occasionally out- 
weighed by local topographic conditions 
causing deflection of ground winds. Close 
to the mountains the winds were roughly 
parallel with the mountain front, and in 
the northern part, where the range 
swings more to the west, winds show a 
similar change (fig. 1). 

Averaged readings from ventifacts on 
erosion surfaces at different levels are 
within 2° or 3° and indicate no significant 
difference in wind direction during the 
different periods of wind-cutting. No evi- 
dence was found of strong winds sweep- 
ing down the canyons from the mountain 
glaciers, as reported by Blackwelder 
(1929), pp. 256-257; 1931, p. 878) in the 
Sierra Nevada, by Bryan and Ray 
(1940, pp. 30, 34) and Ray (1940, pp. 
1857-1859) in the southern Rockies, and 
by Odell (1925, p. 306) in the Himalayas. 
Presumably, the topographic conditions 
already outlined precluded such winds. 

Comparison with modern wind records 
from the Sheridan area (table 1) indi- 
cates that Pleistocene and modern wind 
directions were essentially the same and 
that orographic control was dominant 
then as now. Local mountain glaciers 
seem to have had no effect, nor can it be 
shown that the continental ice sheet, 
210-250 miles north, exerted any per- 
ceptible influence. 


CONCLUSIONS 


1. True wind-cut facets are formed 
only when that part of the stone project- 
ing above the level of the ground lies 
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wholly within the dense bottom layer of 
the sand-laden wind current, about the 
lower 4-8 cm. under conditions ruling in 
the Big Horn piedmont. Stones project- 
ing to greater height tend to develop 
various types of curved faces, which may 
be reduced to facets when the height of 
the stone has been sufficiently lowered. 

2. Wind-cut faces making angles 
greater than 55° with the wind are pitted. 
Faces making angles less than 55° with 
the wind are fluted or grooved. 

3. Flutes on high-angle faces are short 
and deep; on low-angle faces they are 
long and shallow. Grooves are more 
abundant on low-angle faces, but the two 
forms are not mutually exclusive. 

4. Pitting is closely controlled by min- 
eral hardness and rock structure. Flutes 
and grooves are independent of such fea- 
tures unless structure happens to parallel 
wind direction. 

5. Wind-cut faces rotated into differ- 
ent positions may have flutes, grooves, or 
pits superimposed on earlier markings of 
different nature or of different orienta- 
tion. 

6. Cutting of Big Horn ventifacts is at- 
tributed to wind-blown sand and not to 
wind-blown ice particles of low tempera- 
ture and exceptional hardness. 

7. Cutting has occurred on horizontal 
surfaces, but it cannot be shown that 
faces are reduced to horizontal attitude 
by wind action, although there is no ap- 
parent reason why they should not be. 

8. Multiple faces are attributed to 
stone-shifting caused partly by wind 
scour and more generally by congelitur- 
bation, which appears to be the only 
process likely to produce the rotation 
around a vertical axis that seems to be 
required in many instances. 

9. Four separate periods of wind-cut- 
ting are indicated by ventifacts showing 
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different degrees of weathering and rest- 
ing on erosion surfaces at four separate 
levels, 25-325 feet above stream grade. 

10. Conditions for sandblasting are 
shown to have been at an optimum dur- 
ing episodes of glaciation in the near-by 
mountains when floods of meltwater in- 
undated parts of the Big Horn piedmont 
and strong winds prevailed. 

11. Ventifacts on the lower surfaces 
are probably Wisconsin, and those on 
higher surfaces are possibly pre-Wiscon- 
sin, but no assignment to specific stages 
or substages of the Pleistocene glacial 
succession is possible. 

12. Pleistocene wind directions can be 
measured by references to wind-cut faces, 
flutes, grooves, and pits on large boul- 
ders. The average of wind directions so 
determined in twenty-nine separate lo- 
calities is N. 29° W., with extremes rang- 
ing from N. 10° to 60° W. and no dis- 
cernible difference between the four sep- 
arate periods of cutting. 

13. Modern winds are also consistently 
from the northwest, showing that local 
orographic conditions have controlled 
Pleistocene winds as well as those of the 
present. Glaciers in the mountains or the 
continental ice sheet 210-250 miles north 
seemingly had little influence on ‘wind 
directions. 
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PERIGLACIAL FEATURES IN THE DRIFTLESS 
AREA OF SOUTHERN WISCONSIN’ 


H. T. U. SMITH 
University of Kansas 


ABSTRACT 


At several places in the Driftless Area there occur anomalous surface features not readily explicable on 
the basis of processes now active. In the Baraboo area, blocks of quartzite from the pre-Cambrian bedrock 
have accumulated in block streams, block fields, rubble zones, and talus, on slopes ranging from 5° to 36°, 
Locally, small valleys have been choked by the rubble. In the Blue Mound area, block streams, block fields, 


and isolated rock masses, derived from the Niagara chert which caps the ‘‘mound,” 


are found at distances of 


up to nearly 1 mile from the parent ledges and on slopes down to slightly less than 4°. At both places the 
block accumulations are either surrounded or partially overgrown by vegetation and show the effects of 
long-continued weathering. Nowhere is there any indication of appreciable movement at the present time, 
The features in question are “‘fossil” forms, now in a State of stagnation and decay. They are best explained 


as products of periglacial frost weathering, solifluction, and frost heave during Wisconsin time. 


INTRODUCTION 


In 1897, T. C. Chamberlin, comment- 
ing on certain anomalous features in the 
Driftless Area, wrote: ‘It must be re- 
membered that as a result of the exces- 
sive superficial thawing and freezing inci- 
dent to glacial-border conditions, the 
facilities for landslides, bodily creeps, 
and similar modes of movement reached 
an extraordinary degree of develop- 
ment.” At that time, however, there was 
comparatively little basis for particu- 
larizing further on the effects of the proc- 
esses referred to. Since that time ex- 
tended studies in arctic and subarctic 
regions have added greatly to our 
knowledge of frost phenomena, and the 
concept of a frost climate in former peri- 
glacial or near-glacial zones has taken 
definite form. In the nonglaciated areas 
of northern Germany and surrounding 
countries there has been general recogni- 
tion of surficial deposits and “‘fossil’’ land 
forms unrelated to present-day processes 
and dating back to the ice age. In North 
America it was not until Bryan’s intro- 
duction of European concepts, in 1928, 
that any attention was given to similar 


+Manuscript received December 23, 1948. 
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phenomena. Since then, perigiacial fea- 
tures have been studied at scattered 
localities by a comparatively small group 
of workers.’ 

The present study was undertaken 
primarily to add to the limited knowl- 
edge of periglacial phenomena in the 
United States. The Driftless Area was 
selected as particularly promising for 
such a study because of its proximity to 
glacial lobes both to the east and to the 
west and because its varied topography 
and geology seemed likely to have pro- 
vided opportunity for the formation and 
preservation of periglacial features in at 
least some places. 

Field work was carried on during the 
summers of 1940 and 1941, and the time 
totaled between 3 and 4 weeks. It was 
mainly of reconnaissance character, be- 
ing directed, first, to the search for sig- 
nificant localities and, second, to the 
more detailed examination of such local- 
ities as seemed most promising. The 
localities studied are shown on the map, 
figure I 

2A more comprehensive review of the study of 
periglacial phenomena is being published elsewhere 
as one section on a report by the Committee on In- 


terrelations of Pleistocene Research, of the National 
Research Council. 
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PERIGLACIAL FEATURES IN THE DRIFTLESS AREA 


PREVIOUS STUDIES IN THE AREA 


Previous studies have been concerned 
primarily with general geology and 
physiography. In 1886 the broader fea- 
tures of the area were outlined by Cham- 
berlin and Salisbury. In 1918 the glacial 
geology of adjoining areas was described 
by Alden. Regional physiography was 
summarized by Martin in 1932. In 1941 
an excellent physiographic diagram of 
the area described in this paper was pub- 


THE BARABOO AREA 
GENERAL RELATIONS 


The location of the Baraboo area 
(area A)’ is shown in figure 1, and the 
generalized topography is shown in 
figure 2. The salient topographic fea- 
tures are the North and South Baraboo 
ranges (Martin, 1932, pp. 55-57), which 
represent the two flanks of an asym- 
metric syncline in pre-Cambrian rocks. 


ILLINOIS 


Fic. 1.—Sketch map of Driftless Area, showing location of places described in the text. Each locality is 
designated by letter. Detailed maps of localities A and B are found in figs. 2 and 3, respectively. The heavy 
dotted line marks the boundary of Wisconsin drift, and the light dotted line the boundary of the Illinoian 


drift. 


lished by Trewartha and Smith. Other 
studies of a more local nature are referred 
to in later sections of this paper. 

The occurrence of seemingly anom- 
alous deposits in the area was noted by 
Sardeson and by Squier, in 1897, and 
was attributed to local glaciation. The 
localities described by Sardeson are dis- 
cussed in this paper, but those mentioned 
by Squier could not be located from his 
rather indefinite descriptions, within the 
time available. 


The South Range is a broad, flattish up- 
land, strongly dissected along the mar- 
gins and transected by the gap in which 
Devil’s Lake (locality A-4) is located. 
The North Range is narrower and dis- 
continuous, being cut by several stream 
gaps. Both ranges are held up by the 
massive Baraboo quartzite; dips, how- 
ever, are much steeper in the North 


3 In this paper the areas and localities are referred 
to by letter, as indicated in fig. 1; individual locali- 
ties within area A are designated by numerals follow- 
ing the letter and are numbered as shown in fig. 2. 
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PERIGLACIAL FEATURES 


Range than in the South Range (Weid- 
man, 1904; Leith, 1935). The physio- 
graphic history of the area is complex 
(Thwaites, 1935), with glaciation during 
the Cary substage of Wisconsin time as 
the last major event; the ice advanced 
from the east (Alden, 1918). 

Within the Baraboo area the features 
attributed to periglacial processes are of 
three main types: (1) stabilized talus; 
(2) block concentrations and_block- 
strewn slopes; and (3) choked valleys and 
block cascades. The distribution and in- 
terpretation of each of these is set forth 
below. 

TALUS DEPOSITS 

The principal occurrence of talus is in 
the vicinity of Devil’s Lake (locality 
A-4). According to Salisbury and At- 
wood (1900, p. 67), talus was present 
originally also in the gorge north of 
Ableman (locality A-g), but, since the 
time of their writing, it has been largely 
removed by quarrying operations. Block 
accumulations transitional between talus 
and block fields are found along the gorge 
of Narrows Creek, a few miles west of 
Ableman (locality A-zo). Of these local- 
ities, only the one at Devil’s Lake war- 
rants detailed consideration. 

Geologic setting of Devil’s Lake.— 
Devil’s Lake occupies the north-south 
portion of a deep trough cut through the 
South Range.‘ The bordering bluffs are 
steep and rocky, with a maximum relief 
of about 500 feet. The maximum depth 
of the lake is 43 feet (Juday, 1914, p. 33). 
Between the lake bottom and the bed- 
rock floor of the trough are more than 
200 feet of glacial drift. From the south 
end of the lake the topographic sag 


4A detailed topographic map of the locality is 
found in the works of Martin (1932, p. 122) and of 
Thwaites (1935, fig. 244). The area is shown also on 
aerial photos WR-13-1071 to 1073, inclusive (dated 
1937), of the U.S. Department of Agriculture, 
P.M.A. 


IN THE DRIFTLESS AREA 


199 


swings eastward and descends to the 
adjacent lowland. As it crosses the glacial 
border, the slopes lose their rugged ap- 
pearance. 

The trough in which Devil’s Lake lies 
represents a pre-Wisconsin gorge cut 
through the South Range by the an- 
cestral Wisconsin River. When the ad- 
vancing ice reached its maximum exten- 
sion, this gorge was blocked at both ends, 
forming a lake with water level some 230 
feet higher than the present lake level 
(Trowbridge, 1917). When the ice re- 
treated, the lake was lowered through 
successive stages to its present level. The 
Wisconsin River established a new 
course, and its former gorge, dammed at 
both ends by deltaic moraines, was left 
as a lake basin. 

Description of the talus.—Talus occurs 
all along the unglaciated portion of the 
Devil’s Lake trough. On the bluffs bor- 
dering the lake itself, the appearance is 
essentially the same on both sides. The 
talus is virtually continuous laterally, 
except where interrupted by dipping 
ledges of quartzite. It is partly covered, 
however, by irregular, discontinuous 
stands of trees, which occur from top to 
bottom. Where the topographic trough 
swings east from the south end of the 
lake, the appearance of the two slopes 
changes. On the south-facing slope the 
talus attains maximum height and conti- 
nuity of exposure (pl. 1, A).’ On the 
north-facing slope, however, all except 
the uppermost part of the talus is 
covered by forest; on this side the slope 
is somewhat less steep also. 

The talus is composed of heterogene- 
ous, angular, irregular blocks, more or 
less firmly wedged together. The blocks 
range up to more than 6 feet in length. 


5 For other views of the talus see Salisbury and 
Atwood (1900, pls. 6, 22, and 24), and Martin (1932, 
pl. 10). 
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There is no marked vertical zoning of the 
larger blocks. Except for occasional 
erratic boulders believed to have been 
ice-rafted (Salisbury and Atwood, 1900, 
p. 133), the rock is all quartzite. A pre- 
ponderance of the blocks are mottled by 
lichens and discolored by weathering. 
Surmounting the talus at many places 
are near-vertical rock bluffs up to several 
tens of féet in height, with a rough and 
ragged appearance. The maximum height 
of the talus is roughly 300 feet. The 
maximum slope is slightly above 36°. 
The basal portions of the talus show 
various modifications. Along the east 
side of Devil’s Lake, oversteepening re- 
sulted from the excavation of the rail- 
road cut. Along the west side of the lake, 
the slope of the talus is somewhat 
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flattened near the water’s edge. Near 
the southeastern end of the lake, where 
the talus comes in contact with water. 
laid drift, the contact is marked locally 
by discontinuous, elongate depressions 
up to several feet in depth. These seem 
best explained as due to settling of the 
sediment into interstitial openings in the 
buried talus (Thwaites, 1935, p. 404). 
The hydrographic map of Devil’s Lake 
(Juday, 1914, map 8) suggests that the 
talus extends to 30 or more feet below 
water level. Additional information on 
the subsurface extent of the talus is pro- 
vided by a well at the shelter house near 
the south end of the lake.® The well is 
located less than 350 feet from the foot of 


°F, T. Thwaites, in letter dated December 8, 
1948. 


PLATE 1 . 
A, Talus just beyond Wisconsin drift border, near southeast side of Devil’s Lake (locality A-4), looking 


northeast. 


B, South slope of Baraboo Narrows (locality A-8), within the glaciated area, showing virtual absence of 


talus. 


C, Scattered blocks of massive chert on east slope of west Blue Mound (locality B), looking southwest; 


the slope is between 3° and 4°. 


PLATE 2 


Chert blocks on slopes of west Blue Mound (locality B). 
A, Close-up view of one of the larger chert blocks on the eastern slope, showing disintegration and break- 
down in place. The stick gives scale, being slightly more than 5 feet long; the block itself is approximately 20 


feet long. 
B, Block stream on north slope. 


C, Perched block in same locality as B above, indicating long-continued stability of the slope. The stick 


gives scale, being slightly more than 5 feet long. 


PLATE 3 


Sloping block field, 1.3 miles south of Devils Lake (locality A-7). 
A, Surface of the block field, showing jumbled appearance and lichen-covered condition of the blocks. The 


rock is quartzite. 


B, Excavation at the base of the block field, showing earth-free character to a depth of 10 feet. 
C, Excavation in vegetation-covered portion of the blocky slope, adjoining B above, showing earthy ma- 


trix between blocks. 


PLATE 4 


A, Band of blocks marking position of hidden subsurface streamlet along valley flat of Pine Creek, at 
locality A-2. The valley has been choked by detritus, and normal surface drainage has not yet been restored. 

B, Transverse block bench across valley of Pine Creek (locality A-2), downvalley from A above. 

C, Block stream in Baxter Hollow (locality A-5); length is about 400 feet, maximum width about 75 feet, 


and slope about 5°. 
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Chert blocks on slopes of western Blue Mounds 
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Sloping block field south of Devil’s Lake 
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= Block features in Pine Creek and Baxter Hollow 


the talus and appeared to enter talus at 
a depth of 285 feet. 

Indications of relative stability at pres- 
ent.—The following evidence points to a 
static condition of the talus at the 
present time: 

1. The distribution of trees on the 
talus indicates that additions of new 
material from the weathered bluffs above 
have virtually ceased. Few, if any, paths 
for falling rock are open between trees, 
and, although countless trees are in 
vulnerable positions near the top of the 
talus, none were observed to show any 
injury from falling rock. It is concluded 
that falling or rolling of the rock is in- 
frequent relative to the life-span of the 
trees. 

2. At the top of the talus there is a 
striking appearance of arrested motion. 
The bedrock ledges are rent and riven, 
and blocks both large and small may be 
observed in all stages of detachment. 
Many pinnacles appear to be in a state 
of imminent collapse. Yet nearly all 
have the same discolored, weather- 
beaten appearance and the same mot- 
tling by lichens. Fresh joint planes are 
comparatively rare. All is such as to sug- 
gest an interval of vigorous breakdown 
of the bedrock, suddenly arrested and 
followed by more leisurely weathering in 
place. 

3. The development of the linear de- 
pressions found locally at the base of the 
talus must be a slow process, according 
to Thwaites’s interpretation; yet there is 
no indication that the process has been 
appreciably interrupted by the arrival 
of new talus blocks at the base of the 
slope. 

4. The lichen covering and weathered 
appearance so typical of the talus blocks 
suggests an undisturbed condition for 
considerable time. 

5. According to section foremen on the 
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railroad along the west side of the lake, 
the falling of rocks on the tracks is very 
rare. An electric device designed to give 
warning of rock-falls along one stretch of 
track was not activated during a period 
of 4 years. In the spring it is customary, 
however, for a crew of workmen to dis- 
lodge any blocks that seem likely to fall. 
This undoubtedly is necessitated by the 
fact that the base of the talus has been 
artificially oversteepened along one 
stretch of track. 

There is thus good reason for believ- 
ing that growth of the talus by addition 
of new material is no longer in progress at 
an appreciable rate, although the over- 
topping rock ledges constitute a poten- 
tial source of large quantities of material. 
Undoubtedly, there is some very gradual 
creep of the talus as a whole, but this 
must be slow in relation to the rate of 
tree growth. The basal flattening along 
the west shore is probably due to this 
factor, although the action of lake ice in 
winter may play a part also. 

Age of the talus.—Evidence as to the 
age of the talus is indirect. The presence 
of talus at depth beneath the glacial 
drift indicates that talus formation was 
in progress before the Cary ice sheet 
blocked the gorge of the ancestral Wis- 
consin River. The unfilled depressions 
at the contact of the talus with drift 
suggest the possibility that talus build- 
ing may have been essentially complete 
at the beginning of postglacial time. Ad- 
ditional evidence relating to age is pro- 
vided by comparison with conditions at 
Baraboo Narrows (locality A-8), about 8 
miles northeast of Devil’s Lake. At that 
locality (pl. 1, B) there is virtually no 
accumulation of loose rock except in a 
few small pockets along re-entrants in 
the slope. Furthermore, there are no 
indications that the detachment of joint 
blocks from the bedrock is now very ac- 
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tive. Since this locality lies inside the 
glacial border and was thus swept clear 
of pre-existing talus and loose rock, it 
provides a measure of the extent of post- 
glacial weathering and block production, 
disregarding the small pockets of loose 
blocks noted above, which are so situ- 
ated as to suggest remnants of older 
talus protected from glacial scour by 
their position. It may be noted that the 
rock at Baraboo Narrows is the same as 
the rock at Devil’s Lake, the topography 
is similar, and the structure differs only 
in steeper dips. It therefore provides a 
fair basis for comparison of weathering 
phenomena, and reasons for the absence 
of postglacial block accumulation at 
Baraboo Narrows have direct implica- 
tions for the Devil’s Lake locality. Two 
hypotheses for the absence of talus at 
the former locality suggest themselves: 

1. Talus building is normally so slow 
a process that postglacial time has not 
been long enough to produce appreciable 
results. However, if postglacial time be 
estimated as 3’, the duration of the 
Pleistocene epoch, which seems a con- 
servative estimate, forty times the 
amount of loose rock now observable at 
Baraboo Narrows would be small indeed 
as compared with the volume of talus in 
an equivalent section of the Devil’s 
Lake locality. Furthermore, if the rate 
of supply were as slow as that, it seems 
probable that the rate of weathering 
and removal on such steep slopes would 
keep pace with it, so that little or none 
of the fallen rock would be left to ac- 
cumulate as talus. 

2. Talus building was dependent on 
climatic conditions associated with gla- 
ciation and was therefore inactive dur- 
ing interglacial and postglacial time. On 
this basis the absence of talus at Baraboo 
Narrows and the relative stability of the 
talus at Devil’s Lake would be due to a 
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common cause—unfavorable postglacial 
climate, inhibiting the dislodgment of 
otherwise unweathered joint blocks jn 
quantity. It would follow that the 
weathering products of nonglacial times 
should be distinctively different from 
those of glacial times, presumably char. 
acterized by more advanced stages of 
disintegration and decomposition. 
dence consistent with this interpretation 
is found in the abandoned quarries on 
the northeast side of Devil’s Lake. There 
a thin veneer of talus is separated from 
the bedrock by about 5 feet of stony soil 
containing small blocks and rock frag- 
ments scattered through an earthy ma- 
trix. The contrast between the talus and 
the underlying material is striking and 
points to a marked change in conditions 
of weathering when talus accumulation 
began. Such a change is most readily ac- 
counted for as due to the coming of 
glaciation; and on this basis the pre- 
talus weathering would be assigned to 
interglacial time and the talus building 
itself to Wisconsin time, or some portion 
thereof. If it can be shown that the 
processes most effective for building 
talus are ones which would be more 
favored by glacial conditions than by 
nonglacial conditions, the interpretation 
given above is confirmed. This question 
is considered below. 

Origin of the talus.—The development 
of talus requires that loose rock be sup- 
plied at the top of a steep slope more 
rapidly than it can be removed at the 
bottom or be reduced by weathering on 
the slope. The question is mainly one of 
mechanical dislocation of joint blocks, at 
a rate which is rapid compared to the 
weathering of unjointed portions of the 
rock. The expansive force of freezing 
water is known to be the most powerful 
and rapid means of splitting rock. In 
modern arctic and alpine regions its ef- 
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fects are manifest in the general mantle 
of rubble wherever well-jointed hard 
rock occurs. Even on glacially scoured 
rock surfaces, in frigid regions, frost 
weathering has produced extensive dis- 
ruption during the relatively brief span 
of postglacial time (Hégbom, 1914, pp. 
269-281; Bretz, 1935, pp. 160, 225; Mac- 
Clintock and Twenhofel, 1940, pp. 1734- 
1737). It is thus evident that frost weath- 
ering would be adequate to account for 
the rapid production of talus in the Bara- 
boo area, probably during a single glacial 
stage. Indeed, there is no other process to 
which appeal can be made for more 
rapid detachment of blocks than is to be 
observed at present. Frost weathering 
obviously would be more favored by 
glacial than by nonglacial conditions 
and would require, furthermore, that the 
glacial climate in this area be markedly 
colder than the present climate. A con- 
sideration of the origin of the talus thus 
confirms the dating of the talus arrived 
at from other types of evidence and 
carries further implications as to the 
nature of the climatic conditions at the 
time when the talus was formed. These 
conclusions are in essential agreement 
with Blackwelder’s (1935) interpretation 
of talus in the Basin Range Province and 
with the concepts of Lozinski (1912) and 
many other European students of peri- 
glacial phenomena. 


BLOCK CONCENTRATIONS AND 
BLOCK-STREWN SLOPES 

Localities A-6 and A-7.—These locali- 
ties lie on the south slope of the South 
Baraboo Range and are situated in the 
NE. } of Section 28 and the NE. } of 
Section 34, T. 11 N., R. 6 E., respective- 
ly. At both places sloping block fields of 
similar character have been excavated 
for construction material. Exposures 
were better at A-7, and for this reason 
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it is selected for detailed description 
below. 

The block field is irregular in outline 
and somewhat elongated. The surface is a 
bare, jumbled mass of irregular, unsorted 
quartzite blocks up to more than 5 feet 
in length (pl. 3, A). The blocks are mostly 
angular to subangular, are mottled with 
lichens, and have a weathered appear- 
ance. Many are split by cracks up to 
about an inch wide. The slope ranges 
from 10° to 13° and shows many minor 
irregularities. The block field is sur- 
rounded by wooded slopes with stony 
soil and has a few trees growing on its 
surface. The undisturbed growth of the 
trees, together with the weathered condi- 
tion of the blocks, gives an appearance 
of complete immobility and breakdown 
in place. 

The internal character of the block 
mass is revealed by excavations (pl. 3, B). 
The rock is entirely free of fine material 
to the lowest level exposed, representing 
a total thickness of more than 12 feet. 
The larger blocks tend to be segregated 
toward the surface. On the blocks below 
the surface, a heavy brown to black 
stain is prevalent. The percentage of 
interstitial open space throughout the 
mass is high. 

Immediately to one side of the block 
field proper, a continuation of the exca- 
vation referred to above shows 5 feet of 
loose blocks similar to those described 
above, but with the interstices thorough- 
ly filled with earthy material (pl. 3, C). 
The exposure is topped with a cover of 
sod and forest. It is evident that strip- 
ping of the soil and removal of the earthy 
matrix would leave a clean block ac- 
cumulation like that first described. 

Baxter Hollow (locality A-5).—Baxter 
Hollow is a youthful valley of moderate 
to steep slopes and a local relief of about 
400 feet. It is mostly wooded. It was 
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found to contain one block stream of fair 
size, several smaller block streams, and 
various irregular block accumulations 
and block-strewn slopes. 

The larger block stream (pl. 4, C) is 
located on the east side of the area, in 
NW. i of Section 33, T. 11 N., R. 6 E. It 
lies along a minor tributary valley and is 
divided into two sections by a wooded 
interval. The upper section is about 400 
feet long, up to 75 feet wide, and has a 
slope of about 5°. The lower section, 
separated from the upper by a gap of 
about 250 feet, has a length of about 150 
feet and a slope of about 7°. In general, 
the surface of the block stream is similar 
to those of the block fields at localities 
A-6 and A-7. The blocks are up to 10 
feet long. The surface is rough and un- 
even in detail. The blocks have a 


weathered appearance, and many are 
cut by open cracks. The walls of some of 
the cracks show a degree of weathering 


similar to that on the block surfaces, 
indicating that the rate of present-day 
creep is very slow as compared with the 
rate of weathering. The block stream is 
entirely surrounded by trees and has a 
few trees on its surface. 

Several minor block streams are lo- 
cated on the east side of the road, along 
the western edge of the SW. } of Section 
28. They occupy slight indentations in 
the slope and range up to about to feet 
in width and up to several tens of feet in 
length. The lower ends of some are ex- 
posed in a road cut, where it is seen that 
their thickness is only a few feet. They 
are underlain by an earthy rubble zone 
containing a high percentage of stony 
material to a minimum depth of 6 feet. 
Removal of the fine material from this 
rubble by running water would leave a 
residual accumulation of blocks like 
those of the block streams. 

At other places in Baxter Hollow, 
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particularly in the SE. } of Section 29 and 
in the NW. } of Section 33, the occur. 
rence of large blocks embedded in the soil 
is common, and locally there are discon- 
tinuous accumulations of blocks, some of 
which are associated with outcropping 
ledges. The impression one receives is 
that stripping of the surface soil at most 
places would reveal the subsoil to be a 
mass of blocky rubble. 

Locality A-3.—This locality lies some- 
what less than a mile northwest of 
Devil’s Lake (NE. } Sec. 14, T. 11 N,, 
R. 6 E.). Scattered blocks and boulders 
of quartzite, sandstone, and conglomer- 
ate occur along a shallow valley and ad- 
joining gentle slopes. Some of the blocks 
are almost buried in the soil, while others 
appear to be largely above the ground 
surface. Locally the blocks are jumbled 
together. 

Age and origin.—Except for slope, the 
surface appearance of the block fields 
described above is similar to that of the 
talus at Devil’s Lake and suggests that 
their age may be the same. Beyond this 
surmise, the question of age is closely 
linked to the question of mode of ac- 
cumulation. 

In considering the latter, the evidence 
against purely residual accumulation 
may be reviewed first: (1) the same de- 
gree of weathering is found from top to 
bottom; (2) the segregation of the 
larger blocks toward the surface is exact- 
ly the opposite of what would be ex- 
pected in a residual weathering deposit; 
and (3) the marked discordance in shape, 
size, and orientation between individual 
blocks, together with the large propor- 
tion of open space, is entirely incom- 
patible with the idea of mere modifica- 
tion and loosening of rock in place by 
weathering along joint planes. Some de- 
gree of transportation is indicated, al- 
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though quantitative data on the amount 
of movement are lacking. 

The material of the block fields is 
essentially similar to that in the talus 
discussed in preceding pages and is best 
explained as having been supplied in the 
same way, by vigorous mechanical 
weathering through frost action. The 
mode of transportation, however, must 
have been very different from that re- 
sponsible for talus building—some proc- 
ess capable of working effectively on 
low to moderate slopes. 

In considering the question of trans- 
portation, it may be asked, first, whether 
movement of the constituent parts of the 
block fields could have taken place in 
their present condition. Certainly, the 
internal friction of a mass of loose rock 
without interstitial fine material would 
seem prohibitively high. The feasibility 
of movement would seem much greater 
if a matrix of earth, or possibly of ice, 
were present to provide lubrication, pre- 
vent tight contact between blocks, and 
transmit pressure. The occurrence of an 
earthy matrix in the deposit immediate- 
ly adjoining the block field at locality 
A-7 and in the rubble under the minor 
block streams in Baxter Hollow strongly 
suggests the possibility that such a 
matrix was originally present through- 
out, later to be removed locally by sur- 
face and subsurface waters. The con- 
spicuous staining of the buried blocks in 
the block fields also is best explained on 
that basis, with the fine material serving 
to keep mineralized waters in contact 
with the blocks much longer than if the 
interstices were open. The possibility of 
an ice matrix is suggested by Capps’s 
studies on rock glaciers in Alaska (1910), 
but Capps provides no precedent for at- 
tributing any importance to interstitial 
ice on slopes of less than 9°; hence this 
factor seems admissible only in an 
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auxiliary role. It may be concluded that 
the block fields and block streams repre- 
sent local modifications of a more wide- 
spread mantle of rubble, which is com- 
posed of material supplied by mechanical 
weathering and transported by some proc- 
ess of mass movement. 

At present there is no indication that 
either mechanical weathering of bedrock 
or mass movement is proceeding at a 
significant rate. The weathered appear- 
ance of the blocks at the surface, the 
cracking of blocks without appreciable 
separation of the broken pieces, the un- 
disturbed growth of trees on and around 
the block fields, and the heavy, un- 
marred staining of buried blocks all 
point to present stability. The probabil- 
ity that the bare, blocky tracts were pro- 
duced by removal of interstitial fines is in 
keeping with this interpretation. The 
fact that the above conditions are char- 
acteristic of both the steeper and the 
more gently sloping block accumulations 
indicates that immobility is not merely a 
matter of having attained a “profile of 
equilibrium.” It can be concluded only 
that the various blocky accumulations 
antedate the present and could have 
been formed only at a time when climatic 
conditions were sufficiently different to 
promote the action of processes which 
are no longer effective. The only type of 
climatic shift which could have been 
favorable for the required processes 
would have been one to lowered tempera- 
ture, such as might be expected to have 
accompanied glacial stages. Such a 
change of climate would have caused in- 
tensified frost weathering to supply the 
rubble and would have inaugurated 
solifluction and frost heave to move the 
rubble downslope. This explanation was 
applied to the “stone rivers’ of the 
Falkland Islands by Andersson, in 1906, 
on the basis of comparison with modern 
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arctic phenomena. A similar explanation, 
though less clearly formulated, had pre- 
viously been applied to rubbly deposits 
in England (Geikie, 1894). Andersson’s 
interpretation was later extended to 
block fields and rubbly accumulations 
in many parts of Europe by numerous 
workers (Salamon, 1917; Meyer-Harras- 
sowitz, 1918; Kessler, 1925; Quiring, 
1928; Fourmarier, 1933; Biidel, 1937; 
and Dines et al., 1940). Biidel’s work was 
of outstanding significance. He found 
that coarse rubble had moved as far as 
2 km., and on slopes as low as 2°. Positive 
evidence that the accumulation of this 
material had ended with the waning of 
the glacier and that stability had pre- 
vailed throughout postglacial time was 
provided by the fact that the rubble was 
overlain by undisturbed bog deposits 
containing pollen sequences represent- 
ing the entire postglacial interval and 
beginning with a subarctic birch-pine 
flora. Postglacial stability was found to 
be characteristic of block accumulations 
having slopes up to more than 17°. Al- 
though the above type of evidence has 
not yet been found in the Baraboo area, 
Biidel’s results do provide a basis for 
comparison which strongly favors the 
interpretation set forth above for the 
Baraboo area. 

It may be concluded that the block 
fields are a result of processes peculiar to 
periglacial conditions and that the pri- 
mary accumulation of rubble dates back 
to Wisconsin time, or possibly in part to 
pre-Wisconsin glacial conditions. Like 
the talus, the block accumulations re- 
quired intense frost weathering; unlike 
the talus, they required, in addition, 
special processes of transportation, also 
related to frost action. The fact that 
these same processes of transportation 
did not effect a more complete removal 
of the talus material itself may be at- 
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tributed to one or more of the following 
conditions: (1) more rapid weathering 
because of more exposed position of 
parent ledges, and hence more rapid 
supply of blocks; (2) virtual absence of 
interstitial fine material in the talus, so 
as to make for greater frictional resist. 
ance to movement; (3) better drainage 
of the talus due to steeper slope. 


CHOKED VALLEYS AND BLOCK CASCADES 


Description —Choked valleys and 
block cascades are well developed at 
localities A-r (NE. } Sec. 28, T. 11 N,, 
R. 5 E.) and A-2 (NW. j Sec. 17, T. 
11 N., R. 6 E.). At the latter locality a 
block-strewn valley floor leads down- 
stream to a block cascade, which marks 
the edge of a benched portion of the 
valley bottom. The block cascade (pl. 
4, B) drops steeply some to feet. The 
blocks are large and heterogeneous and 
have the appearance of being jammed to- 
gether, presenting a rough and tumultu- 
ous aspect. Running water can be heard 
beneath the blocks. Trees and bushes are 
growing among them. Jumbled masses 
of blocks border the cascade on both 
sides. A well-weathered appearance is 
general. 

On the upvalley side of the block cas- 
cade, some blocks are scattered at ran- 
dom, others are clustered, and still 
others occur in elongated strips. At 
some places no surface stream is recog- 
nizable as such. The sound of running 
water can be heard locally, however, 
under the blocks in the elongated strips 
(pl. 4, A). Where these strips end, the 
course of the underground steamlet may 
be traced, in part, along a series of holes 
in the sod, through which the sound of 
running water comes. The drainage, at 
least during times of ordinary flow, is 
entirely under the surface at these places 
and appears to be in process of under- 
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mining the sod, exposing more blocks 
and extending the blocky strips by 
washing away the interstitial fine ma- 
terial from a coarse, rubbly deposit. 

At locality A-z, a shallow, rounded 
valley bottom funnels into a miniature 
gorge with steep bluffs of quartzite. 
Above the gorge the valley is littered 
with blocks, which are most conspicuous 
along the shallow, grassy depression 
which constitutes the stream channel. 
Toward the gorge the blocks become 
more numerous. On entering the gorge, 
the valley narrows, and its gradient 
steepens, first gradually to about 2° and 
then more abruptly to about 8°, in de- 
scending over a cascade of huge blocks. 
Below the cascade the gradient decreases 
to about 5°, and the valley gradually 
widens; a band of coarse, jumbled blocks 
persists along its center for some dis- 
tance. 

Inter pretation.—The condition of the 
valleys described above is aberrant in 
terms of normal erosional development. 
The streams are powerless to move the 
coarse blocks over and around which 
they flow and will remain so until these 
blocks have been reduced to much 
smaller particles by weathering. Obvious- 
ly, these streams could never have 
formed the existing valleys if coarse 
blocky detritus had been continuously 
supplied at such a rate as to produce the 
condition now observed. The influx of 
blocks may therefore be regarded as an 
abnormal interruption of the normal 
processes of stream erosion, literally 
choking the valley bottoms with coarse 
debris. At the present time, normal 
stream action appears to be in process of 
becoming re-established but is engaged 
merely in the removal of interstitial fine 
material from the rubbly fill. If carried 
far enough, this may convert the valley 
floor into a barren block field. 
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The choking of valleys with coarse 
detritus represents simply a further and 
particularly striking step in the general 
process of mass movement already in- 
voked to account for the rubble and the 
block concentrations elsewhere in the 
Baraboo area. The fact that it can be 
seen here to have grossly altered the 
normal progress of erosion serves to di- 
rect attention to its disharmonic char- 
acter with respect to the cycle of stream 
erosion and to emphasize the fact that 
the general process could have taken 
place only under conditions notably 
different from those of today. Solifluc- 
tion and frost heaving of detritus sup- 
plied by accelerated mechanical weather- 
ing under periglacial climatic conditions 
during one or more glacial stages pro- 
vide an adequate explanation. 

The block cascades are most satis- 
factorily explained as representing a 
local variation of the general process of 
mass movement. They bear some re- 
semblance to the boulder-banked ter- 
races of arctic and alpine regions (Eakin, 
1916); the latter are known to be associ- 
ated with vigorous frost action, but their 
exact mode of formation is not entirely 
clear. Possibly the block cascades are 
roughly analogous to ice jams or log 
jams in rivers and were related to a 
down-valley component of the mass 
movement. 


THE BLUE MOUND AREA 


Description.—The location of the Blue 
Mound area is shown in figure 1, and 
the generalized topography in figure 3. 
The ‘‘mound” is an erosion residual, 
standing some 500 feet higher than the 
surrounding country. It is held up by 
the Niagara chert (Silurian), which is 
underlain by shale (Martin, 1932, pp. 
66-67). Owing to inadequate exposures, 
the thickness of the chert and the extent 
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to which limestone may be associated 
with it are uncertain. The topography, 
however, suggests that thickness is not 
greater than 100 feet. The slopes of the 
mound are largely wooded, with scat- 
tered clearings. The Wisconsin drift 
border lies approximately 10 miles to the 
east. 

The feature of particular interest on 
Blue Mound is the distribution of chert 
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blocks around the slopes. The blocks are 
found at distances of up to nearly r mile 
from the summit and as far as 600 feet 
below the summit. Particularly promi- 
nent are the large scattered blocks on the 
east slope (pl. 1, C) and the block concen. 
trations on the north slope (pl. 2, B). 
The eastern slopes of Blue Mound are 
gentle and broadly undulatory; chert 
blocks are widely distributed and are 
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Fic. 3.—Generalized map of the Blue Mound area. Contour interval is 100 feet, and contours are based on 
the Blue Mound topographic sheet. Roads are drawn from aerial photos of the U.S. Department of Agricul- 
ture. Block-strewn areas are shown by stippling and are approximately complete only for cleared areas. 
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particularly conspicuous between the 
1,500- and 1,600-foot contours. The pro- 
portion of very large blocks is high, with 
many ranging from 10 to 25 feet in 
length and some standing as high as 7 
feet above the ground surface. The indi- 
vidual blocks are very irregular in form. 
They appear to be stranded where they 
lie and to be undergoing gradual break- 
down by weathering (pl. 2, A). Irregular 
cracking of the rock is common, and de- 
tached fragments are seen on and around 
many of the blocks. Many of the blocks 
occur on slopes of between 3° and 4°. 
Individuals are mostly well separated, 
with virtually no tendency toward 
clustering or concentration. 

On the north side of Blue Mound an 
irregular block field passes downslope 
into a narrow block stream which fol- 
lows a small valley for some distance. In 
the area shown in plate 2, B, the average 
slope is about 7°. The blocks are similar 
in form and general appearance to those 
on the east slope, but the average size 
issmaller; a majority probably range be- 
tween 5 and 12 feet in length, and few 
reach 20 feet. Although the individual 
blocks are crowded fairly close together, 
most of them are separated by sod. Evi- 
dence of present stability is similar to 
that for the east slope, but with the sig- 
nificant addition of one perched block 
(pl. 2, C), which obviously is in too 
precarious a position to stay perched 
very long if appreciable movement were 
now in progress. Except for a small, 
grassy channel on one side of the blocky 
area, drainage apparently is by sheet 
wash, and no appreciable erosion by 
running water seems to be taking place in 
this section. 

Downstream, the block field becomes 
a block stream following a small valley. 
It narrows to a mere ribbon as the valley 
deepens and steepens its gradient. At 
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the lower end, stream action is actively 
denuding the blocks by removal of the soil 
in which they are embedded. This 
process appears to be working headward. 

On the southwestern side of Blue 
Mound, small, elongate blocky areas oc- 
cur in shallow valleys. Locally, where 
gullying has stripped off the soil, the 
volume of blocks in the subsoil is seen 
to be considerably greater than might 
be expected from surface indications. 

Undoubtedly, many other spreads and 
concentrations of blocks are hidden in 
the wooded portions of the slopes on 
Blue Mound. The occurrences described 
above, however, are believed to be repre- 
sentative and to provide an adequate 
basis for interpretation. 

Inter pretation.—Two possible explana- 
tions may be considered for the distribu- 
tion of the blocks around Blue Mound: 
(1) as a lag deposit of blocks let down 
over steep slopes by creep and sapping to 
successive positions of the base of the 
escarpment during its gradual recession 
to the present stand and (2) asa result of 
transportation over existing slopes from 
approximately the present position of 
the parent ledges, by processes no longer 
active. The first of the above hypotheses 
is essentially the one suggested by 
Davison (1889) for the origin of the 
stone-rivers of the Falkland Islands, 
which was never generally accepted. As 
applied to the Blue Mound area, this 
hypothesis would require the accumula- 
tion of the blocks to have extended over 
a span of time sufficiently long for the 
escarpment to have retreated more than 
3 mile to its present position. Since the 
erosional retreat of such an escarpment 
is a very gradual process, this would 
imply that the outermost block accumu- 
lations are of much greater age than 
those closest to the present rim of the 
escarpment, probably dating back to 
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middle or early Pleistocene time. If that 
were the case, there should be a marked 
difference in the size and state of weather- 
ing of blocks at different distances from 
the present hill. This supposition, how- 
ever, is not in accord with the observed 
facts, for all the blocks show essentially 
the same degree of weathering, as nearly 
as can be ascertained, and size distribu- 
tion appears to be random on any given 
sector of the slope. A further difficulty 
with the above hypothesis is that, even 
if it could account for the block spread 
on the eastern slope of the mound, it 
would still fail to account for the con- 
centration of blocks in valleys, where 
valleys occur, and for the evident chok- 
ing of some of the valleys. If the hy- 
pothesis of lag accumulation were to 
apply to such occurrences, it would have 
to be modified to admit secondary con- 
centration by supplemental processes, 
and any such processes which could be 
admitted would in themselves be ade- 
quate to account for the observed 
features. 

According to the second of the above 
hypotheses, the present distribution of 
the blocks would be explained as due to 
essentially the same processes, working 
under the same climatic conditions, as 
those discussed in connection with the 
block accumulations of the Baraboo 
area. The evidences supporting this in- 
terpretation are essentially similar to 
those in the Baraboo area and need not 
be recounted, but only supplemented by 
the following statements: 

1. The geological conditions at Blue 
Mound are particularly favorable for 
solifluction, owing to the shale underly- 
ing the block-forming rock and providing 
a source of mud. 

2. The stratigraphic and topographic 
localization of the block-forming rock at 
Blue Mound makes possible a definite 
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estimate of the distance which the blocks 
have traveled and thus lead to confirma. 
tion of deductions as to the importance 
of downslope movement in the Baraboo 
area. 

3. It is possible that detachment of 
the blocks at Blue Mound may have 
been effected as much by undermining 
and collapse, through flowage of the 
underlying shale, as to frost weathering. 
In fact, the observed irregularity in the 
form of many of the blocks is hardly sug- 
gestive of joint control unless it be as- 
sumed that the original joint blocks 
were greatly modified by subsequent 
weathering. 

4. The perched block in plate 2, C, 
suggests the possibility that it was left 
in that position by solifluction, later to 
become ‘‘emergent’”’ as the enveloping 
mud flowed on or was washed away; an 
alternate explanation, however, is that 
it was separated from the adjoining 
blocks by differential weathering. The 
uniqueness of the occurrence, however, 
is unfavorable to the latter interpreta- 
tion. 

5. It is possible that the largest of the 
blocks, particularly on the eastern slope, 
represent unit movement rather than 
mass movement. This would imply that 
they moved as miniature landslides, after 
the fashion of the masses which | 
described from Canjilon Divide, New 
Mexico (Smith, 1936). In that case the 
process would have involved seasonal 
frost heave normal to the ground surface, 
followed by gravitational settling during 
the time of thaw, either in a vertical 
direction or in a steep downslope direc- 
tion. 


PROBABLE PERIGLACIAL FEATURES 
AT OTHER PLACES 


In the course of reconnaissance study 
and searching of the literature, it was 
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found that features consistent with the 
hypothesis of periglacial origin, although 
not necessarily accompanied by defin- 
itive evidence thereof, occur also at the 
following places. 

Locality C.—This locality is situated 
on the west side of Wisconsin Highway 
39, about o.3 mile northwest of the 
town of Mineral Point (N. 3 Sec. 36, 
T. 5 N., R. 2 E.). Sandstone outcrops at 
the top of the slope, and sandstone 
blocks litter the surface below. Toward 
the top they form a talus, with a slope 
angle of 36°; this passes downward into 
a small, irregular block field with a 
gradient down to 6°. The blocks range 
up to 15 feet in length. Many show ap- 
preciable rounding of the corners and 
edges by weathering. Locally the blocks 
appear to override one another, giving 
a suggestion of rude imbrication. A ma- 
jority of the blocks is more or less sur- 
rounded by sod. The appearance is one 
of complete immobility. There is no ap- 
parent reason for doubting that the 
blocks accumulated here in the same gen- 
eral way as did those in the block fields 
ofthe Baraboo and the Blue Moundareas. 

Locality D.—This locality lies about 
4 miles southeast of Dodgeville, along 
a branch of the Illinois Central Railroad 
(near the western edge of SW. 3 Sec. 7, 
T.5 N., R. 4 E.). Attention was directed 
to this locality by Sardeson’s (1897) de- 
scription of deposits supposedly made by 
local glaciers. The exposures noted by 
Sardeson were found to be entirely over- 
grown at the time of my visit, but his 
description suggests a solifluction de- 
posit, and the occurrence of large blocks 
of rock littering gentle slopes bordering 
the valley near by is consistent with this 
explanation. 

Locality E.—This locality lies on the 
north side of the creek at Jonesdale (near 
SW. cor. Sec. 16, T. 5 N., R. 4 E.) and 
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was mentioned by Sardeson. A heap of 
sandstone blocks, now largely over- 
grown by forest, lies at the foot of a steep 
bluff. It appears to be stable at present 
and could be explained satisfactorily as a 
relict feature formed under periglacial 
conditions. 

Locality F.—This locality is a road 
cut along U.S. Highway 12, 2.2 miles 
east of the town of Tomah. Numerous 
well-developed ventifacts of hard, sili- 
ceous rock, up to 8 inches long, are scat- 
tered through a structureless, sandy soil 
to a depth of about 2 feet. The ventifact 
zone is underlain by sandstone and is 
covered with grass and trees. No drifting 
sand is found anywhere in the vicinity at 
the present time. The association of sand- 
blasting with the periglacial environment 
is well known, and it seems reasonable to 
suppose that the ventifacts here may 
have originated under periglacial condi- 
tions. The vertical distribution of the 
ventifacts might then be attributed to 
periglacial frost churning, as noted by 
Bryan (1932) for localities in south- 
eastern Massachusetts. Obviously, fur- 
ther study would be required to test this 
hypothesis. 

Alluvial terraces of the Kickapoo Val- 
ley.—Alluvial terraces along the Kicka- 
poo Valley have been described and 
interpreted by Bates (1939). The alluvial 
fill is said to be composed almost entirely 
of material brought down from the valley 
sides by slope wash and creep, without 
appreciable re-working by the axial 
stream. It is suggested by Bates’s discus- 
sion, though not explicitly stated by him, 
that aggradation was due to a quicken- 
ing in the rate of supply of material from 
the valley sides. In discussing the origin 
of the terrace, however, after making 
correlations with the terraces of the Wis- 
consin River, Bates infers that fluvio- 
glacial aggradation of the Wisconsin 
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River was an adequate cause for the 
aggradation of the Kickapoo. Just what 
effect the aggradation of the Wisconsin 
River could have on slope wash and creep 
along the Kickapoo is not explained. The 
possibility of climatic influences on ero- 
sion and deposition, working entirely 
within the Kickapoo drainage basin 
(Martin, 1932, p. 133), is completely 
ignored. To me it seems reasonable to 
postulate that the aggradation of the 
Kickapoo Valley was contemporaneous 
with the choking of valleys in the 
Baraboo area and was brought about in 
much the same way—by the influence 
of perglacial climate on slope processes. 
Provisional interpretation of the terraces 
as another type of periglacial phenom- 
enon thus seems justified. 


DISCUSSION OF PERIGLACIAL 
PROCESSES 


In this section it remains to particu- 
larize somewhat further as to the work- 
ing of the geomorphic processes referred 
to on preceding pages. The discussion is 
based to a large extent on observations 
of present-day conditions in arctic and 
subarctic regions, as recorded by Anders- 
son (1906), Hégbom (1914), Eakin 
(1916), Bretz (1935), Taber (1943), 
Muller (1947), Washburn (1947), and 
others. The results of studies in the 
former periglacial zone of Europe, as set 
forth by Kessler (1925), Biidel (1937), 
Poser (1947), and other workers, are 
drawn upon also. 

The periglacial processes of particular 
concern are mainly mechanical weather- 
ing and mass movement on slopes. Me- 
chanical weathering by frost wedging 
was important in providing a continued 
supply of broken rock. Owing to lower 
temperature, frost penetrated more deep- 
ly and exerted greater force. Chemical 
weathering, on the other hand, was re- 
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tarded. With the onset of periglacial 
conditions, frost action began its work 
on a weathered zone inherited from inter. 
glacial time and developed in part by 
chemical weathering. Its first effects 
probably were to break down unsound 
rock fragments and, by working along 
the many joint cracks and other open- 
ings already prepared by chemical weath- 
ering, to produce a relatively fine rubble. 
As this was gradually removed by grav- 
ity and by frost-induced slope processes, 
the frost came to act on deeper, fresher 
zones of bedrock, in which there had 
been less preparation by previous weath- 
ering. Fewer potential joints had been 
opened, and probably frost alone was 
relatively incompetent to open them. As 
a result, only the more persistent, 
throughgoing joints offered points of 
attack; and, as these were more widely 
spaced than the minor joints, the effect 
was to make for the dislocation of larger 
and larger joint blocks as frost worked 
to deeper levels. It is believed that this, 
in conjunction with mass movement, 
provides one possible explanation for the 
segregation of the larger blocks in the 
surface zone of at least some of the block 
fields. 

In the paragraph above, a massive 
rock, relatively impervious except along 
joints and widely spaced bedding planes, 
is assumed. In rocks having more closely 
spaced openings the effects would natu- 
rally be different, and the particles 
loosened would be much smaller. In the 
case of a shale, the resulting product 
would be mud. 

The removal of loose rock provided 
by mechanical weathering was effected 
directly by gravity where the slope ex- 
ceeded the angle of repose, forming 
talus. Where the angle of slope was 
lower, a more gradual process of creeping 
was operative. The loose rock, inter- 
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mixed with pre-existing soil and with 
such additional fine material as was sup- 
plied by periglacial weathering, was 
slowly carried downslope to form rubble 
sheets or block-strewn surfaces. 

The downslope movement of detritus 
under periglacial conditions is believed 
comparable to the mass movement of 
saturated material observed today in 
arctic regions, and generally designated 
by the loosely defined term “solifluction.” 
This process is reported to be far more 
rapid and effective than the ordinary 
variety of hillside creep at work in tem- 
perate regions. The movement occurs in 
the season of thawing and is at least 
partly by viscous flowage. Saturation is 
effected by water from melting of snow 
and/or interstitial ice. The melting of 
interstitial ice and of the actual segrega- 
tions of ground-ice typical of frigid 
regions is particularly important. Where 
the volume of ground-ice is large, the 
volume of water liberated may be exces- 
sive, leading to what may be termed a 
“state of supersaturation.” The effect of 
the water thus liberated is to add to the 
weight of the soil mass, to act as a lubri- 
cant, and, where it cannot escape readi- 
ly, to carry part of the load, leading to 
fluid-like behavior. 

Maintenance of saturation is im- 
portant for the process of solifluction 
and requires the prevention of loss of 
water by downward seepage. The pres- 
ence of a perennially frozen subsoil is 
particularly effective in this connection 
and is believed to be a factor of primary 
importance for solifluction in arctic 
regions. Positive evidence for the former 
prevalence of perennially frozen ground 
in the Driftless Area has not yet been 
found, but it is not unreasonable to infer 
that such a condition did exist, and the 
process of mass movement is easier to 
explain on that basis. In the former peri- 


PERIGLACIAL FEATURES IN THE DRIFTLESS AREA 


213 


glacial zone of Europe, definite evidence 
for once perennially frozen ground has 
been reported, thus providing a prece- 
dent. 

The above discussion of solifluction 
applies particularly to fine-grained ma- 
terial, which can be converted into a 
muddy mass. Such masses, however, 
have been observed to carry along a con- 
siderable amount of much coarser ma- 
terial with them. As to the maximum 
proportion of coarse material that may 
be present without inhibiting the proc- 
ess of flowage, observational data are 
simply lacking. In the Blue Mound area 
an ample supply of mud probably could 
have been derived from the shale under- 
lying the chert, thus to maintain a suit- 
able ratio of fine to coarse material; 
hence the above question is not pressing. 
In the Baraboo area, however, the pro- 
portion of coarse material observed in the 
subsoil at localities such as A-5 and A-7 
is so high that interference with simple 
flowage would seem probable. Some 
modification of simple soil flow would 
seem required here, and for this there is 
little direct precedent in observation. 
One possibility is that the observed 
blocky accumulation represents a lag de- 
posit gradually banked up from the pas- 
sage of a much larger volume of earthy 
material, in a manner more or less anal- 
ogous to the development of a log jam 
in a river. It is somewhat difficult, how- 
ever, to point to an adequate source for 
a much larger volume of fine material 
than is now present. Another possibility, 
and one which seems more acceptable, is 
that downslope movement was effected 
partly by annual alternations between 
surface expansion or upward heaving by 
frost and downslope settling upon thaw- 
ing. This certainly seems reasonable for 
individual blocks and conceivably could 
apply to the rubbly mass more or less as 
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a whole. The amount of annual move- 
ment would not need to be great—o.1 
foot per year would amount to 1,000 feet 
in 10,000 years. Until further critical 
studies are forthcoming from regions 
where mass movement is now active un- 
der frigid conditions, however, this ques- 
tion must remain speculative. 

However the movement took place, 
its effects were to spread a mantle of 
rubble over the slopes, filling up low 
places, choking minor valleys, and dis- 
rupting normal stream action. These ef- 
fects probably were cumulative through 
more than one substage of Wisconsin 
time, and it seems not impossible that a 
pre-Wisconsin glacial stage also may 
have contributed to the observed effects. 

When deglaciation brought climatic 
amelioration, frost weathering lost its 
effectiveness, and mass movement came 
virtually to a halt. The immobilized 
rubble sheets thereafter were subject to 
breakdown and decay by the very grad- 
ual action of normal weathering proc- 
esses. Locally, the fine material between 
the blocks was washed away to produce 
the barren blocky surfaces so striking 
in the present landscape. 


CONCLUSIONS 


1. During at least a part of Wisconsin 
time, the climate of the Driftless Area 
was more rigorous than at present and 
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had some similarity to that now found 
in subarctic regions. 

2. As a result of periglacial climatic 
conditions, geomorphic processes differ- 
ing both in degree and in kind from those 
now observable were at work in the area. 
Slopes were blanketed with detritus sup- 
plied by accelerated mechanical weath- 
ering and carried downward by in- 
vigorated mass movement and related 
processes. 

3. Post-Wisconsin efosion has made 
comparatively slight progress in effacing 
the results of periglacial processes, 
Many of the detailed features of the 
landscape date back to Wisconsin time. 

4. At many places a periglacial rubble 
zone rather than a residual weathering 
zone constitutes the parent material for 
present-day soils. 

5. Much remains to be learned about 
the types and distribution of periglacial 
phenomena in the Driftless Area and 
their significance in the interpretation of 
climatic and geomorphic history. 
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THE FROST-MOVED RUBBLES OF JUMBO DOME AND 
THEIR SIGNIFICANCE IN THE PLEISTOCENE 
CHRONOLOGY OF ALASKA" 


CLYDE WAHRHAFTIG 
United States Geological Survey 


ABSTRACT 


Jumbo Dome, a prominent landmark on the north side of the Alaska Range, is a small body of intrusive 
andesite surrounded by schist and by poorly consolidated sediments of Tertiary age. Frost-moved rubbles, 
consisting of coarse andesite blocks, almost completely mantle the dome and have advanced outward from 
it across a gently sloping terrain for distances as much as 1} miles. Several different periods of rubble de- 
velopment are recognized, based on the amount of vegetal covering of the deposits, the preservation of their 
surface forms, and their degree of erosion by fluvial processes. The rubbles are not now moving and are 
believed to have originated under the influence of an arctic climate in a manner analogous to rock glaciers. 
The difference in altitude between presently moving rock glaciers in this region and the rubble deposits of 
Jumbo Dome corresponds to the difference in altitude between present ice-filled cirques and the lowest 
cirques of the Wisconsin stage of glaciation. Reasons are given for believing that fluvial weathering and 
destruction of rock glaciers represent climates at least as mild as the present. On this basis five separate 


glacial episodes, separated by interglacial and interstadial epochs, are recognized. 


INTRODUCTION 


A unique assemblage of detrital de- 
posits surrounding Jumbo Dome, a prom- 
inent landmark on the north side of the 
Alaska Range, offers the possibility of es- 
tablishing a more complete Pleistocene 
chronology for Alaska than has been rec- 
ognized heretofore. These detrital de- 
posits are believed to have originated 
under the influence of arctic or glacial 
climatic conditions in a manner analo- 
gous to that of rock glaciers. The deposits 
were noted during the mapping of the 
Nenana coal field, a part of the Geologi- 
cal Survey program of mapping the coal 
resources of Alaska. Although the field 
party was in the neighborhood of Jumbo 
Dome for six weeks, only four days in 
August, 1947, were spent on and about 
the dome. The primary aim of the work 
was the determination of the stratigra- 
phy and structure of the Tertiary rocks; 
consequently, the features described in 
this article were observed only in passing, 


' Published by permission of the Director, U.S. 
Geological Survey. Manuscript received December 
14, 1948. 


and this paper reports a reconnaissance 
rather than a detailed investigation. In 
1948 the area was revisited for three 
days, one day of which was spent in the 
vicinity of Jumbo Dome. The detrital 
deposits, along with other geology, were 
plotted on trimetrogon aerial photo- 
graphs taken by the United States Army 
Air Forces. Fortunately, the line of flight 
passed directly over Jumbo Dome, so 
that most of the contacts of critical im- 
portance were plotted on vertical photo- 
graphs. The information plotted on the 
photographs was transferred to a topo- 
graphic map of the Nenana coal field 
(U.S. General Land Office, 1916; scale 
1: 31,680, contour interval 50 feet). This 
map with slight alterations is the base for 
figures 2 and 3. 

Jumbo Dome is a prominent steep- 
sided butte located in the foothill belt of 
the north flank of the Alaska Range, 
about 60 miles S. 30° W. from Fairbanks, 
Alaska (fig. 1). It rises to an altitude of 
4,505 feet, 1,500-2,500 feet above the 
surrounding low, rolling country. It has 
a summit plateau covering an area of 
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about 60 acres, above which rise a few 
gentle hills and rock ledges, 50-150 feet 
high. 

The northern foothill belt of the 
Alaska Range is 20-25 miles wide and 
consists of subparallel east-trending 
ridges and valleys, crossed by a super- 
posed north-flowing drainage emerging 
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derlain for the most part by crystalline 
schists of Paleozoic and pre-Cambrian 
age and by intrusive rocks. A blanket of 
consolidated deposits of early Tertiary 
age once covered this foothill belt but is 
now preserved largely in the lowlands. 
However, the Nenana gravel—a con- 
glomerate of middle Tertiary age—forms 
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Fic. 1.—Index map of Alaska, showing location of Jumbo Dome 


from the Alaska Range. On leaving the 
foothill belt, the streams flow for dis- 
tances of 20-50 miles across an alluvial 
lowland called the Tanana Flats, before 
joining the Tanana River, a major tribu- 
tary of the Yukon. 


GENERAL GEOLOGY 


The ridges of the foothill belt on the 
north flank of the Alaska Range are un- 


ridges and plateaus that rival in height 
some of the schist ridges. The regional 
geology has been described by Capps 
(1912; 1932, Pp. 219-300; 1940, Ppp. 93- 
133). 

Jumbo Dome is an intrusive mass of 
andesite, about 1 mile long in an east- 
west direction (fig. 2) and about } mile 
wide. Platy and linear flow structure are 
well developed in the andesite and indi- 
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Fic. 2.—Geologic map of Jumbo Dome and vicinity, Alaska 
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cate that its intrusive contact with the 
crystalline schists dips steeply inward 
beneath the andesite, at angles of more 
than 45°. The mass. of schists on the 
north and east flanks of the mountain is 
thought by Capps (1912, p. 25) to be 
Paleozoic. If so, then the intrusion is 
Paleozoic or younger; it is quite definitely 
pre-Tertiary. 

Tertiary coal-bearing deposits, con- 
sisting of poorly consolidated sandstone 
and shale, with interbedded sub-bitumi- 
nous coal beds as much as 30 feet thick, 
border the andesite on the west and 
south. As exposed in gullies on the south- 
east and southwest sides of the moun- 
tain, the contact between coal-bearing 
rocks and andesite dips 70° N. It is ap- 
parently a fault contact, for the coal- 
bearing formation is not baked or altered 
along the contact and the rank of the coal 
appears unchanged. The coal-bearing 
rocks are folded into a tight anticline im- 
mediately adjacent to the fault, but they 
flatten to the south, and less than a mile 
from the south side of the mountain they 
are flat-lying. On the west and north 
sides of the mountain, where the Tertiary 
rocks dip away from the mountain at 
low angles, the contact between the 
andesite and Tertiary rocks was not 
seen. It is presumed that the Tertiary 
rocks were deposited unconformably on 
the andesite, as similar and related 
bodies of igneous rocks farther east are 
clearly overlain unconformably by coal- 
bearing rocks of Tertiary age. However, 
no pebbles of the andesite of Jumbo 
Dome have been found in the coal-bear- 
ing rocks. 

Following the deposition of the Terti- 
ary sediments, the region was folded into 
gentle east-trending anticlines and syn- 
clines. Deformation of the rocks under- 
lying the Tertiary deposits was by shear- 
ing along pre-existing planes of weakness. 
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The andesite of Jumbo Dome apparently 
was forced upward as a roughly cylindri- 
cal-shaped mass to a vertical height of 
1,500 feet above the base of the sur- 
rounding Tertiary rocks. The movement 
appears to have been along a circular 
fault zone that in part coincided closely 
with the steeply dipping intrusive con- 
tact of the andesite and in part was the 
upward continuation of this roughly 
cylindrical surface into the overlying 
Tertiary rocks. The uncertainties regard- 
ing the structure of the area do not affect 
the problems here considered. The only 
important point is that the nearly equi- 
dimensional mass of andesite is separated 
from the surrounding rocks by nearly 
vertical contacts. 


GLACIATION 


Jumbo Dome lies 10-15 miles north of 
the northern limit of Wisconsin glacia- 
tion in the Alaska Range. A terminal 
moraine in the valley of the Nenana 
River, tentatively identified as Wiscon- 
sin in age (Capps, 1932, pp. 289-291), is 
found about 12 miles southwest of Jumbo 
Dome, near the town of Healy, at an alti- 
tude of 1,650 feet. The lower limit of 
glacier accumulation of the Wisconsin 
stage, as indicated by the lowest cirques, 
differs considerably from place to place 
within the Alaska Range. In the vicinity 
of Mt. McKinley, 95 miles to the south- 
west of Jumbo Dome, it is about 4,500- 
5,000 feet. On the south side of the range 
it is even lower. It appears to rise sharply 
northward across the range, because of 
the falling-off of precipitation (Capps, 
1940, p. 154), and in the vicinity of Jum- 
bo Dome it is doubtful whether moun- 
tains lower than 6,000 feet supported 
glaciers at any time during Wisconsin 
time. At present the lowest mountains 
on the north side of the Alaska Range 
which have cirques that contain gla- 
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ciers are about 7,200 feet in altitude. 
Thus the lowering of the orographic 
snowline was about 1,200 feet in Wis- 
consin time and probably more during 
earlier glaciations. Jumbo Dome (4,505 
feet) lay below the lower limit of accumu- 
lation of ice in Wisconsin time. 

Morainal deposits and erratics of a 
stage of glaciation earlier and of greater 
extent than the Wisconsin have been rec- 
ognized in this area (Capps, 1931, p. 7). 
The earlier glaciers apparently advanced 
northward across a now almost com- 
pletely destroyed surface having a pres- 
ent altitude of about 4,000 feet in the 
vicinity of Jumbo Dome (Wahrhaftig, 
1946, pp. 134-135). All the rubble de- 
posits described in this paper are found 
on topography which has been cut into 
this surface and are therefore younger 
than the earlier stage of glaciation. 


DESCRIPTION OF THE RUBBLE 
DEPOSITS 


The rubble deposits which surround 
Jumbo Dome consist of blocks of andes- 
ite that originated on the steep slopes of 
Jumbo Dome and extend outward across 
the surrounding schists and Tertiary 
sedimentary rocks as far as 1} miles from 
the base of the dome. Some of the masses 
of rubble moved outward across an 
eroded surface on slopes much less than 
15°. Rubble deposits of several ages can 
be distinguished by their relative degrees 
of weathering and dissection. In all, five 
ages of rubble have been recognized. It is 
likely that more ages could be recog- 
nized, but adequate criteria for their dis- 
tinction were not found. As will be 
brought out more fully later, in a section 
dealing with the influence of climate on 
denudation in the Alaska Range, it is the 
thesis of this paper that each rubble de- 
posit near Jumbo Dome was formed un- 
der the arctic climate of a glacial stage or 
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substage and then later weathered and 
dissected during a milder interglacial or 
interstadial episode. 

The rubble deposits of Jumbo Dome 
resemble rock glaciers in many respects 
and probably originated in a somewhat 
similar fashion. The term “‘rock glacier” 
was first applied by Capps (1910, p. 360) 
to tonguelike masses of coarse debris in 
the Wrangell Mountains of Alaska, 
which he believed moved with a glacier- 
like motion. Deposits resembling these in 
part were called “rock streams” by 
Howe (1909) and “moving talus” by 
Bretz (1935, p. 192). Rock glaciers which 
have been described in the literature are 
large, commonly tonguelike masses of 
very coarse angular debris which extend 
down gentle slopes from the base of the 
cliffs or talus slopes from which their 
constituent fragments were derived. 
They are commonly 20-200 feet thick, 
the thickness being greatest at the lower 
end. Typical modern and recent rock 
glaciers, such as those described by 
Capps, Howe, Chaix (1923, pp. 1-38), 
and Kesseli (1941, pp.203-227), have 
steep fronts and sides and bear on their 
upper surface a series of parallel looped 
ridges, which are also parallel to the 
sides and front of the rock glacier. 

The rock glaciers heretofore described 
are characteristically valley features, 
forming in cirques, and do not commonly 
originate on smooth slopes or form as 
continuous sheets, as are shown in figure 
5, A. However, other rubble deposits of 
Jumbo Dome, which lie in a canyon on 
the north side of the mountain (see fig. 2) 
resemble in every respect rock glaciers 
described by Capps. In some respects the 
rubbles of Jumbo Dome have many fea- 
tures in common with the solifluction 
sheets and lobes recently described by 
A. L. Washburn (1947, pp. 86-96, pls. 23, 
24) from Victoria Island. 
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It is not the major purpose of this 
paper to discuss whether or not the 
rubbles of Jumbo Dome should be con- 
sidered rock glaciers or solifluction sheets. 
However, some concept of the mode of 
origin of rock glaciers is necessary to an 
appreciation of the climatic factors in- 
volved in the formation of the rubbles. 
The first description of forms similar to 
rock glaciers was made by J. G. Anders- 
son in 1906 (pp. g1-112). He ascribed 
them to solifluction and assumed that 
they had originally been composed large- 
ly of fine debris, which was later re- 
moved. In 1910 Howe published a paper 
on the landslides of the San Juan Moun- 
tains. He described many rock glaciers, 
under the name “rock streams,”’ and 
ascribed to them a landslide origin. Evi- 
dence presented by Capps (1910, pp. 
371-375), Patton (1910), Tyrrell (1910, 
pp. 550-551), Chaix (1923, pp. 10-19), 
and ,Kesseli (1941, pp. 210-215) shows 
clearly that they are not the work of 
landslides. Capps and Moffit (1911, p. 
50) believe that rock-glacier movement 
proceeds in a glacier-like way and is due 
to movement of interstitial ice, although 
no doubt all true glacial ice has disap- 
peared. Chaix and Kesseli expressed the 
opinion that they originate in the waning 
stages of glaciation as the ground mo- 
raine of an overloaded and enfeebled 
glacier and that they continue their mo- 
tion by some process of frost heaving or 
solifluction after true glaciers have dis- 
appeared from the region. Chaix meas- 
ured the rate of movement of some rock 
glaciers in Switzerland and found it to 
amount to more than 1 meter per year. 
Tyrrell, on the other hand, holds, with 
Patton and Howe, that their origin is not 
solely through glaciation. He cites as ex- 
ample a rock glacier on the outskirts of 
the city of Dawson, Yukon Territory, 
outside the region of continental glacia- 
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tion. This rock glacier rises at the base of 
a cliff of greenstone, from which a spring 
emerges. In the winter this spring fills the 
rock glacier with a mass of ice, and it is to 
movement induced or aided by this ice 
that Tyrrell ascribes the advance of the 
mass of greenstone blocks over gentle 
terrain. The general appearance of the 
younger of the rubble deposits, as de- 
scribed below, indicates that they have 
moved in a manner closely similar to 
that of rock glaciers; yet their existence 
outside the limits of glaciation and on a 
mountain below the lower limit of the ac- 
cumulation of Wisconsin time indicates 
that they have an origin independent of 
true glaciers. 


MODERN TALUS, FROST FORMS, AND THE 
YOUNGEST RUBBLE DEPOSITS 
(FIFTH STAGE) 


With the exception of a few outcrops, 
the steep slopes of Jumbo Dome are en- 
tirely mantled with sheets of detritus 
(fig. 3). This detritus consists of angular 
blocks of andesite, equidimensional or 
slablike in form, averaging 2-4 feet in 
diameter, and ranging up to 15 feet in 
greatest diameter. These sheets of coarse 
detritus are derived from the underlying 
rock by strong frost action and move 
down slopes partly by rolling and slip- 
ping and partly by creep due to freezing 
of interstitial water. They resemble the 
incipient forms of rock glaciers. 

Most of the rock fragments or blocks 
are covered with a mantle of dark lichen 
on all exposed surfaces, whereas bottom 
surfaces or those in contact with other 
boulders are bare. The general aspect of 
the slopes is therefore very dark, almost 
black. According to H. M. Raup? the de- 
velopment of such a lichen cover requires 
at least two hundred years, the minimum 


2 Personal communication. 
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period for which the sheets of lichen-cov- 
ered rock fragments have been stable. 

The fragments of a few areas are 
blocks of fresh andesite, having a light 
pink color. Presumably, the movement 
of blocks in these places is active (pl. 1, 
B). The limited areas of active movement 
are located (1) below areas of exposed 
bedrock from which newly frost-riven 
blocks fall or move down slopes; (2) in 
places where the average grain size of the 
detrital sheet is less than 4 inches and 
some fine material is present; (3) on 
steep detrital cones where meltwater 
runs off, forming torrent levees. These 
detrital cones usually occur below re- 
entrants and amphitheaters in the higher 
slopes. The torrent levees, which are 
double parallel ridges of boulders, lead 
downstream from the re-entrants. At the 
lower ends of the torrent levees, the 
groove between them commonly passes 
into a steep-walled stream channel, the 
bottom of which is 10 or 12 feet below the 
surrounding slope. The torrent levees 
and the channels which extend down the 
slope from their lower ends are due to the 
action of meltwater in the spring and 
probably of summer cloudbursts. Water 
can be heard running beneath the grooves 
between the torrent levees, and the chan- 
nels downslope from them have a small 
flow of water at the surface during most 
of the summer. Forms of somewhat simi- 
lar appearance, described by Sharp 
(1942, pp. 222-227) from the Saint Elias 
Range, end in masses of bouldery mud 
and are apparently levees of alpine mud- 
flows. Matthes (1930, pp. 108-109) has 
described similar forms from Yosemite 
Valley and attributes them to torrent ac- 
tion. The form and nature of the active 
talus deposits, involving as they do finer 
debris and running water, are not sugges- 
tive of an arctic or glacial climate as are 
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the forms described in the following 
paragraphs. 

In the upper part of the south face of 
the mountain a series of narrow hori- 
zontal curving bands of fresh blocks sug- 
gests a slight amount of movement en 
masse of the detrital sheet (pl. 1, B), 
which is probably an incipient rock gla- 
cier. The undisturbed and lichen-covered 
nature of the greater part of the block- 
covered slope indicates that the move- 
ment has affected only a small portion of 
the slope. 

Differential movement of parts of the 
detrital sheet on the east side of the 
mountain is shown by lobelike masses of 
blocks, about 60 feet long down the slope, 
20-40 feet wide, and rising 3-5 feet 
above the slope. The platy or flatter rock 
fragments are characteristically imbri- 
cated and dip upslope in the central 
parts of the lobes. Along the sides of the 
lobes they are oriented parallel to the 
direction of slope and dip inward be- 
neath the lobe. Along the front of the 
lobe they are oriented parallel to the con- 
tour lines and dip beneath the lobe. The 
boulders of these lobes are lichen-covered 
and, therefore, have probably been more 
or less stable for at least two hundred 
years. However, rock glaciers have been 
observed where the boulders are lichen- 
covered but where overturned trees, still 
living, show that some movement still 
continues. 

The detrital sheet on the north slope 
of the northeast corner of Jumbo Dome 
has a series of low transverse ridges of 
detritus which have the appearance, seen 
from a distance, of gigantic ripple marks. 
The ridges are about 100 feet apart, from 
crest to crest, and appear to pitch 30°-45° 
to the west, down the slope (fig. 4). The 
ridges were not examined close at hand, 


3S. R. Capps, personal communication. 
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and their height above the slope is not 
known. They are made of the same coarse 
debris that makes up the detrital sheet. 
Each of them terminates upward both 
sharply and at a uniform level. The proc- 
ess of their formation is not known, but 
it is believed that intense frost action, of 
the type that produces the lobelike 
masses on the east slope, is the major 
agent. The detrital sheet on which the 
ridges are found is dark colored and is 
probably covered with lichen, although 
other plants are probably scarce or ab- 
sent. The ripple-like ridges probably 
were formed at the same time as the 
lobelike masses on the east side of the 
mountain. 

From the base of the steep detrital 
sheet on the northwest slope of the 
mountain, well-developed masses of 
rubble which resemble rock glaciers have 
advanced over older rubble deposits on a 
slope of less than 15°. These rubble de- 
posits extend down to an altitude of 
3,300 feet and are thickest at their lower 
ends. They are differentiated from older 
rubbles by the absence of fine detritus at 
the surface and by the absence of any 
plant life other than lichens on them. 
They rise above older rubbles with a 
steep slope. A side view of a typical mass 
of the youngest rubble (fifth stage) ad- 
vancing over older rubbles is shown in 
plate 2, A. The size and shape of this de- 
posit of rubble resembles in many re- 
spects an incipient rock glacier, although 
it does not occur in a cirque. The pres- 
ence of lichen on the boulders of these 
youngest rubbles suggests that they have 
been more or less stable for two hundred 
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years and were formed in a very recent 
epoch of more rigorous climate. 


RUBBLE DEPOSITS OF THE FOURTH STAGE 


The youngest rubbles (fifth stage) rest 
on older rubble derived from Jumbo 
Dome. Like the younger rubbles, the 
older deposits consist largely of angular 
blocks of andesite, but a considerable 
admixture of fine materials derived from 
the weathering of andesite blocks is also 
present. This older rubble was carried 
downslope in a manner resembling the 
movement of rock glaciers and is attrib- 
uted to the fourth recognizable stage of 
rubble movement on the mountain. 

Rubble of the fourth stage can be dis- 
tinguished from the youngest rubbles 
and detrital sheets by the degree of 
weathering it has undergone and by its 
cover of vegetation, which the rubble de- 
posits of the fifth stage lack. That this 
difference in vegetative cover is the re- 
sult of recency of movement of the 
youngest rubbles and not of altitudinal 
changes is demonstrated by the fact that 
the flat upper surface of Jumbo Dome 
bears a luxuriant tundra-type vegeta- 
tion. On the surface of rubble deposits of 
the fourth stage are numerous patches of 
poorly to well-developed polygonal soils: 
stone rings, isolated silt patches, and 
stone stripes.* Where these are present, 
there is no vegetation. These modern 
frost phenomena are thought to develop 
on top of the older rubble deposits and to 
represent the extent of present-day frost 
modification. Many of the andesite 
blocks have been split by frost action 

4 For definition of these terms see Sharp (19420). 


PLATE 1 


A, View of Jumbo Dome from the south. 


B, South face of Jumbo Dome, from hill of first-period rubble to the south. Active areas on the detritus- 
covered slope are light; stabilized, lichen-covered areas are dark. Note horizontal bands of incipient rock- 


glacier movement near A. 
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into smaller fragments, which remain in 
the positions that they had in the original 
block, although spread by cracks 1-3 
inches wide. All exposed surfaces of these 
fragments, including the walls of the 
cracks, are covered by a thick coat of 
black lichens, as are all other blocks on 
the rubbles of the fourth stage. This 
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ridges, which are brought out by unequal 
growth of vegetation on the ridges and 
in the intervening depressions. They (1) 
have distinct frontal slopes, which are 
usually modified somewhat by creep; 
(2) display convex upper surfaces; and 
(3) resemble rock glaciers. In general, 
they appear relatively little affected by 
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Fic. 4—View of Jumbo Dome from the north (sketched from a photograph). Ripple-like frost forms can 
be seen immediately below the left-hand point of rock in the background; to the right of these is a small 


gully lined with torrent levees. 


frost-splitting is the modification of the 
fourth-stage rubbles which formed dur- 
ing the development of the fifth-stage 
rubbles. 

In general, rubble deposits of the 
fourth stage have well-preserved looped 


subsequent stream erosion, although in a 
few places they are channeled by gullies 
15 feet deep. The largest rubble deposits 
of the fourth stage are found on the north 
and west sides of the mountain, where 
they extend down valleys to an altitude 


PLATE 2 


A, Toe of rubble deposit, probably a rock glacier, of the youngest (fifth) stage (A in photograph), resting 
on older frost-moved rubble, at northwest corner of Jumbo Dome, from the north. Rubble of fourth stage in 
foreground. 

B, Badland area in basal Tertiary conglomerate at head of McAdam Creek, 4 miles northeast of Jumbo 
Dome. The gentle surface in the middle background (A in photograph) is underlain by 20 feet of solifluction 
debris derived from the mountains of Totatlanika schist (B) in the far background. 
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of 2,500 feet, to about 700-800 feet be- 
low the lower limit of rubble deposits of 
the youngest (fifth) stage. 


RUBBLE DEPOSITS OF THE THIRD STAGE 


Angular andesite boulders cover the 
floors of valleys draining Jumbo Dome 
on the north and west from an altitude of 
about 2,250 feet upstream to the lower 
ends of the rubble deposits of the fourth 
stage. These masses of angular debris 
have no topographic expression, such as 
is shown by the younger rubble deposits. 
They do not rise above their surround- 
ings but merge with them. However, as 
these sheets and masses of coarse debris 
consist of andesite blocks which have 
been carried 2,500-6,000 feet horizon- 
tally and 500~-1,200 feet vertically below 
the contact between the andesite and 
sandstone, it is presumed that they were 
once rock glaciers or some related type of 
deposit which owed its movement to 
processes active under a climate colder 
than the present one. The rubble deposits 
of the third stage on the north side of 
Jumbo Dome are cut by gullies which are 
choked by rubbles of the fourth stage. 
The absence of any topographic expres- 
sion of the rubbles of the third stage, 
such as is characteristic of the rubbles of 
the fourth and fifth stages, suggests that 
the former are probably of considerably 
greater antiquity than the latter. 


RUBBLE DEPOSITS OF THE SECOND STAGE 


Scattered blocks of andesite forming a 
thin sheet of rubble cap a ridge of Ter- 
tiary rocks that extends north from the 
prominent point on the northeast corner 
of Jumbo Dome (fig. 2). This ridge rises 
about 50 feet above the surrounding val- 
leys, which are filled with rubbles of the 
third and fourth stages. Between these 
scattered boulders and the mountain 
from which they were derived is a stretch 
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of ridge about 2,000 feet long, on which 
Tertiary sandstone and Paleozoic(?) 
schist crop out. The boulders have thus 
been moved 2,000~-3,000 feet horizontally 
on a slope of less than 15° and presum- 
ably are the remains of a formerly more 
extensive rubble deposit. The scattered 
boulders were brought to their present 
position from the mountain on a surface 
into which stream valleys have been in- 
cised at least 50 feet, and probably more, 
This thin dissected sheet of detritus rep- 
resents a period of rubble formation 
much older than the third, fourth, or 
fifth stage and separated from them bya 
considerable period of erosion. 

Rubbles of andesitic debris, capping 
the outcrops of Tertiary sandstone ex- 
posed in steep-sided badland-like gullies 
on the southwestern and southeastern 
corners of Jumbo Dome, are tentatively 
correlated with the second stage. They 
are separated in part from their original 
source (the shoulders of the mountain) 
by gullies comparable in size to the 
gullies which dissect the rubble deposits 
of the second stage on the north side of 
Jumbo Dome. On the other hand, these 
second-stage rubbles descended into val- 
leys which had been carved in rubbles 
remaining from a still earlier stage (first 
stage). In addition, the second-stage 
rubbles appear to have been derived, in 
part, from rubbles of the first stage. 


RUBBLE DEPOSITS OF THE FIRST STAGE 


Deposits of angular boulders of andes- 
ite similar to those which are described 
above are perched on the ends of spurs 
extending from Jumbo Dome and on the 
tops and sides of hills now separated from 
Jumbo Dome by broad valleys too feet 
deep. Some of these deposits are as much 
as 13 miles from Jumbo Dome and must 
have been transported on a slope of less 
than 15°. They are remnants of an apron 
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of rubble extending from Jumbo Dome. 
The apron originally must have been so 
extensive that presumably a vast field of 
blocks extended from the dome on all 
sides as far as 1-2 miles from the contact 
between the andesite and sandstone. 
These rubbles are older than all the 
others and are assigned to the first stage 
of rubble formation. Rubbles of the 
younger stages occupy the valleys which 
separate these rubble deposits of the first 
stage from Jumbo Dome. Where first- 
stage rubbles are found on the ends of 
ridges extending from Jumbo Dome, 
younger rubbles, having ridden out on 
these ridges, rest on exposed Tertiary 
rocks which separate the oldest rubble 
deposits from their source. This is clearly 
seen on the ridge that forms the west side 
of the canyon of Winter Creek (fig. 2). 
Here rubble deposits of the third and 
fourth stages rest on Tertiary rocks 
which form the crest of the ridge. The 
triangular north slope of this ridge is cov- 
ered with large angular blocks of andesite 
which are almost completely buried in 
the mossy tundra vegetation which 
covers this ridge. Exposures on the east 
and west walls of this ridge indicate that 
these blocks form a veneer over north- 
dipping Tertiary rocks, which, in turn, 
form a plate about 100-150 feet thick, 
resting on schist. 

Similar rubble deposits of coarse angu- 
lar andesite blocks form the noses of the 
northwest, west, and southwest shoul- 
ders of the mountain. On the ridges be- 
hind each of these deposits Tertiary 
sandstone comes to the surface, and the 
tubbles are completely dismembered 
from their source. The canyons between 
these ridges, which contain rubble de- 
posits of the third and fourth stages, ap- 
pear to have been cut after the older 
tubble deposits were formed. 

South of Jumbo Dome and north of 
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Marguerite Creek is a haphazard jumble 
of irregular hills, in part flat-topped, in 
part steep-sided and with narrow crests, 
which are separated largely by undrained 
depressions, a few of which contain 
ponds. At first glance this appears to be 
landslide topography, and the possibility 
that a large landslide was once precipi- 
tated from the south face of Jumbo 
Dome was considered. However, most of 
the steep-sided hills consist of Tertiary 
coal-bearing rocks in place, and the un- 
drained depressions lie in intervening 
valleys which are choked by rubble of 
angular andesite blocks. The broader 
flat-topped hills are covered by a sheet of 
rubble consisting of andesite blocks and 
differing in no way from other rubble 
sheets. From these flat-topped hills 
streams of blocks extend down the 
slopes eroded in Tertiary clays and sand- 
stones. These block streams are now 
completely covered with moss and are 
therefore ancient. They were not active 
as late as the time of formation of the 
rubble deposits of the fifth stage. The 
explanation invoked to account for this 
curious assemblage of hills is that a field 
of rubble once extended from Jumbo 
Dome as a broad apron covering a gentle 
surface, which has a present altitude of 
about 3,000 feet (fig. 5, A). This apron 
presumably was formed under the influ- 
ence of the cold climate of a glacial stage 
or substage. A period of stream erosion, 
probably related to a warmer interglacial 
or interstadial climate, followed the de- 
velopment of this rubble; canyons a few 
hundred feet deep were cut into it from 
the south, east, and west. Canyon walls 
in the soft Tertiary rocks had steep, bare 
slopes, such as exist in recent badlands 
formed by tributaries to Lignite Creek, a 
few miles south. As the streams dissected 
this rubble apron, isolated steep-sided 
hills capped with coarse andesite blocks 
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must have dominated the local topogra- 
phy. The appearance of the area at that 
time is diagrammatically illustrated in 
figure 5, B. Another change in climate 
‘brought a return to conditions favoring 
mass movement of blocky material and 
unfavorable to canyon-cutting. The 
masses of angular blocks slid off the hills 
and into the narrow canyons, filling them 
toa greater depth in some places than in 
others and producing a peculiarly hap- 
hazard-looking topography, with numer- 
ous undrained depressions, which is 
shown diagrammatically in figure 5, C. 

It is likely that more than one stage of 
canyon-cutting and hillside-sloughing is 
involved in the destruction of the original 
broad apron of rubble. In the short time 
sent in the area, however, it was not 
possible to establish criteria for more 
than one period of stream erosion suc- 
ceeded by one period of intensive frost 
action. The history, as represented here 
and illustrated in figure 5, is to be re- 
garded as a simplification of a presum- 
ably more complex story. This group of 
hills is separated from Jumbo Dome by a 
valley into which deposits of rubble, ten- 
tatively correlated with the second stage, 
have spilled. It is therefore older than the 
second stage and is tentatively correlated 
with the first stage. Because this broad 
apron of rubble is closer in altitude to the 
present stream grade than are other de- 
posits assigned to the first stage, it may 
represent a separate stage. It was not 
possible, however, to develop a satisfac- 
tory criterion for distinguishing it from 
other deposits of the first stage; it is 
therefore grouped with them. 


INFLUENCE OF CLIMATE ON DENUDATION 
IN THE ALASKA RANGE 


It has been shown above that the 
tubble deposits and the detritus-covered 
surface of Jumbo Dome are, for the most 
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part, inactive and that there probably 
has been no significant movement of the 
most recent rubble deposits for at least 
two hundred years. Such movement as 
has been observed is related to less rigor- 
ous climatic conditions than those which 
prevailed during the formation of the 
rubble deposits. Soil features and surface 
forms of the type described by Hégbom 
(1914) and Sharp (1942a), among others, 
and ascribed by nearly all workers to fac- 
tors introduced or intensified by cold cli- 
mates show a strong altitudinal zoning 
of the lower limits of their present activ- 
ity on the north side of the Alaska Range. 
This zoning is related largely to the size 
and degree of sorting of constituent par- 
ticles of the soil involved in the move- 
ment. In the vicinity of Jumbo Dome, 
the lower limit of presently active mass 
movement of debris, consisting predomi- 
nately of blocks larger than 1 foot in 
average diameter, is about 4,600-4,800 
feet (or just above the summit of Jumbo 
Dome). Polygonal soils in poorly sorted, 
moderately fine debris are active above 
an altitude of 2,300 feet, and solifluction 
or creep is taking place above an altitude 
of 2,000 feet, beneath moss and tundra 
cover on some north-facing slopes in ex- 
ceptionally favorable situations and 
where underlain by Tertiary sandstone 
and claystone. 

The rapid downslope movement of 
debris under conditions of rigorous cli- 
mate results in overloading the streams 
and causes them to aggrade their beds. 
This has been recognized by students of 
the Pleistocene in Germany (Zeuner, 
1945, pp. 25-27) and in the Middle West 
(Lueninghoener, 1947). Matthes (1900, 
pp. 182-184) reported this effect in the 
Big Horn Mountains. This phenomenon 
also is clearly demonstrated in many of 
the higher, unglaciated parts of the 
Alaska Range, such as the headwaters of 
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the Savage River and of Healy Creek. 
The constant downslope mass movement 
tends to fill in gullies as rapidly as they 
are formed and inhibits many character- 
istic types of stream erosion, such as bad- 
land formation, gullying, etc. The results 
of such a degradational regime are 
smooth, featureless hillslopes of large ex- 
tent, such as are found throughout much 
of interior Alaska. Only through a cli- 
matic amelioration sufficient to slow con- 
siderably or completely to stop mass 
movement of soils can normal stream 
erosion become dominant. Stream ero- 
sion is generally dominant today below 
an altitude of 4,000 feet. This is amply 
attested by terrace-cutting, gullying, and 
badland erosion that are active every- 
where below this altitude throughout the 
north flank of the Alaska Range. Bad- 
lands are restricted almost entirely to the 
Tertiary formations. Bare, actively 


eroded badlands occupy only a small por- 


tion of the surface area on which one 
would expect to find them in this region. 
Typical of these is the badland shown in 
plate 2, B; this area is in typical basal 
Tertiary conglomerate and is located 
about 4 miles northeast of Jumbo Dome, 
at an altitude of 2,500 feet. Here active 
dissection is destroying an older gentle 
surface (seen in right background) 
mantled with a layer of solifluction debris 
10 feet thick. Badland erosion is initiated 
through landslides which take place dur- 
ing the thawing-out of the upper layer of 
frozen ground. This lays bare the under- 
lying soft sandstone and shale, which are 
readily attacked by meltwater in spring 
and by the runoff of summer thunder 
showers and autumn rainstorms. 

Areas of small hills, of steepness equal 
to that of the badlands but covered with 
tundra-type vegetation and possessing 
rounded tops, are thought to be badlands 
formed in an earlier cycle of stream ero- 
sion and later stabilized through develop- 
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ment of a turf cover during a cold part of 
the climatic cycle. 

It is likely that the upper limit of ter. 
racing and badland formation always lies 
below the lower limit of movement of 
coarse rock debris, and it probably is as 
much as 500 or 1,000 feet below the 
lower limit of activity of bouldery 
rubbles or rock glaciers. It is evident that 
to bring about conditions for the erosion 
of rubbles by streams requires raising the 
isothermal surfaces at least to their pres. 
ent position. It was shown in an earlier 
part of this paper that the lowest altitude 
of peaks that have glacier-filled cirques is 
7,200 feet and that of peaks bearing 
cirques of the Wisconsin stage is 6,000 
feet. The lowering of isothermal surfaces 
necessary to produce rock glaciers on 
Jumbo Dome is, therefore, approximate- 
ly that required to bring about condi- 
tions of the maximum of Wisconsin gla- 
ciation. Each period of rock-glacier for- 
mation may well represent a period of 
advance of the glaciers in the mountains 
corresponding to continental glaciation 
in other parts of North America. Cor- 
respondingly, each period of terrace-cut- 
ting, badland erosion, and cessation of 
activity of the rock glaciers should cor- 
respond to an interglacial or interstadial 
fluctuation of climate in North America. 


THE PLEISTOCENE CHRONOLOGY INDI- 
CATED BY THE RUBBLE DEPOSITS 
OF JUMBO DOME 


The evidence of the rubble deposits of 
Jumbo Dome suggests that the older 
glaciation which has been recognized in 
the Alaska Range was followed by at 
least five episodes of glacial climate, dur- 
ing which the movement of rubble on 
Jumbo Dome took place. The episodes 
were separated by intervals of less severe 
climate, during which the rubble deposits 
were dissected or otherwise modified. 
The two earlier of these episodes of gla- 
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cial climate (represented by rubble de- 
posits of the first and second periods of 
rubble movement) were separated from 
each other, as well as from both the older 
glaciation and the third period of rubble 
movement, by relatively long periods of 
climatic amelioration, during which con- 
siderable uplift and dissection took place. 
The three younger periods of rubble 
movement were separated from one an- 
other and from the present by much 
shorter periods of climatic amelioration, 
in which very little dissection and prob- 
ably little uplift took place. 

No attempt is made in this paper to 
correlate the episodes of rubble move- 
ment on Jumbo Dome with the glacial 
stages and substages of eastern North 
America. The short amount of time spent 
on the problem and the uncertainties in- 
volved in such a long-range correlation 
make any such attempt of doubtful 
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validity. More field work in Alaska and 
in western North America undoubtedly 
will show that at least some of the periods 
of glacial climate indicated by the rubble 
deposits of Jumbo Dome correlate with 
glacial stages and substages in the 
United States. 
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“Strukturbéden, Solifluktion und Frostklimate 
der Erde.” By Cart Troi. (Geologische 
Rundschau, Band 34, Heft 7/8.) Pp. 545-604. 
1944. 


The issue in which this paper occurs is named 
“Diluvial-Geologie und Klima” and is composed 
of an introduction and 13 papers, totaling 470 
pages. The papers, which were assembled and 
edited by Professor Carl Troll, form an ex- 
traordinary contribution to the knowledge of 
the Ice Age. The list of the papers which follows 
shows the wide range of the subjects that are 
discussed. 


Introduction. TROLL, Cart. ‘“‘Diluvialgeologie und 
Klima,” pp. 307-325. 

. MACHATSCHEK, Fritz. “Diluviale Hebung und 
eiszeitliche Schneegrenzdepression,’”’ pp. 327- 
341. 

2. PFANNENSTIEL, Max. “Die diluvialen Ent- 
wicklungsstadien und die Urgeschichte von 
Dardanellen, Marmarameer und Bosporus,” 
PP. 342-434. 

3. JARANoFF, Druitri. “Das Klima des Mittel- 
meergebietes wahrend des Pliocins und des 
Quartirs,”’ pp. 435-446. 

4. Louis, HERBERT. “Die Spuren eiszeitlicher Ver- 
gletscherung in Anatolien,” pp. 447-481. 

5. Juutus. morphologischen Wirkun- 
gen des Eiszeitklimas im gletscherfreien Ge- 
biet,” pp. 482-519. 

6. STEEGER, ALBERT. “Diluviale Bodenfroster- 
scheinungen am Niederrhein,” pp. 520-538. 

. WEINBERGER, L. “Frostspalten und _ Frost- 

strukturen in Schottern bei Leipzig,” pp. 539- 

544. 

Trott, Cari. “Strukturbéden, Solifluktion 

und Frostklimate der Erde,” pp. 545-694. 

. Aario, Leo. “Die spitglaziale Entwicklung der 
Vegetation und des Klimas in Finnland,” 
PP. 695-704. 

10. FINSTERWALDER, RICHARD. “Eishaushalt von 
Gletschern und Niederschlige in Gletscherge- 
bieten,” pp. 705-712. 

11. Wunpt, WALTER. “Die Mitwirkung der Erd- 
bahnelemente bei der Entstehung der Eis- 
zeiten,” pp. 713-747. 

12. MEINARDUS, WILHELM. “Zum Kanon der Erd- 
bestrahlung,” pp. 748-762. 

13. BEHRMANN, WALTER. “Das Klima der Priglazi- 
alzeit auf der Erde,” pp. 763-776. 
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Papers Nos. 8 and 5 will be reviewed in this 
issue; others will be reviewed later. 
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The present paper by Professor Troll aims to 
distinguish climatic types of ground frost and 
of frost-caused earth forms (p. 672). Since the 
frost-induced or frost-facilitated denudation 
(erosion by extensive surficial mass move- 
ments), especially the solifluction, proceeds 
differently in different frost climates, knowledge 
of the modern processes enables climatic con- 
clusions from past frost-caused earth forms, 
Troll, who has studied frost action in the 
Alps, Scandinavia, the Andes, and the moun- 
tains of East and South Africa, starts from the 
contrast in climate and in frost-caused earth 
forms that exists between the polar regions and 
the alpine zone of tropical mountains. In the 
former the annual temperature variations are 
very prominent, the daily fluctuations insignifi- 
cant, and the climate seasonal. In the latter the 
daily temperature changes are important, and 
the annual are almost or entirely absent, pro- 
ducing a day-and-night climate. In the polar 
regions there are large earth patterns; in the 
tropical mountains beautiful miniature ones. 


Among kinds of ground frost there are: per- 
petual (permafrost, pergelisol), winter, short- 
periodic, and nightly ground frost, and also 
needle ice (brush ice) and lens ice (spring ice). 
The relationship of ground frost to the ground 
that thaws and to the ground that never freezes 
and the withdrawal of water from the sub- 
stratum by surface freezing are important con- 
ditions and phenomena. 


A genetic classification of frost-caused earth 
forms requires consideration of the physical 
composition of the material, the ground slope, 
and the water supply (duration of snow cover, 
depth and time of thaw) (p. 620). The role of 
the ground frost varies for different kinds of 
earth forms. The increase in volume with freez- 
ing produces pressure. Melting of the ice causes 
supersaturation of the ground and facilitates its 
displacement (p. 550). Thus a satisfactory 
genetic classification is not yet possible, but 
Troll attempts one (pp. 547-550, 620, 675). Be- 
fore presenting this, it is necessary to find appro- 
priate American names and terms. ‘‘Earth’’ as 
in “earth dam” is suggested, not “‘soil,’’ which 
is composed of mineral and organic materials 
and which is lacking or poorly developed in the 
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principal regions of frost action. Stone rings, 
stone stripes, etc., are not different kinds of 
earth but different patterns of, and in, frost- 
separated earth. Such expressions as “earth 
structure,” ‘‘structure earth,’ “earth texture,” 
and “texture earth” are dubious and avoided, 
because they may be confused with the well- 
established terms “soil structure” and “soil 
texture.” ‘‘Soil structure” has reference to the 
morphological aggregates in which the individ- 
ual soil particles are arranged (prismatic, col- 
umnar, massive, etc., structure). ‘‘Soil texture” 
refers to the relative proportion of the various 
size groups of individual soil grains (sandy, 
silty, clayey, etc., texture). 

Troll’s classification of the principal frost- 
caused earth forms (Frostbodenformen) is as fol- 
lows: 

A. Frost-caused earth patterns (Frostmusterbéden, 
Frostgefiigebiden, or differenzierte Frostboden- 
formen) 

1. Frost-caused earth patterns in heterogeneous 

material (Strukturbiéden) 

a) On level ground: stone rings, stone nets, 

earth islands 

b) On slopes: stone stripes, earth stripes 
. Frost-caused earth patterns in homogeneous 

material (Texturbéden) : fissure nets or fissure 

polygons, ice-wedge fissure nets, or tundra 
polygons 

B. Frost-caused amorphous earth forms (amorphe 

Frostbéden) 

1. Vegetation, soil in true sense, and/or peat, 
important contributing factors 
a) On level ground: sod mounds or turf hum- 

mocks, earth hummocks, miniature peat 
mounds, peat mounds or Palsen, block 
fields, ice-lens knolls or spring-ice knolls 
(Aufeishiigel) 

b) On slopes: turf-banked terraces or benches, 
solifluction ridges and tongues, stone 
garlands, stone or block streams, string 
moors 

2. Snow pressure, snow sliding, wind, etc., con- 
tributing factors: earth plaster or mortar, sod 
lumps (Rasenschdlen) 


True frost-caused earth patterns occur at 
certain elevations in all climatic belts of the 
globe but are best developed in the polar regions 
and in high tropical mountains, and poorest in 
the mountains of the mid-latitudes (pp. 551- 
557, 673). Their climatic lower limit rises and 
falls with timber line and snow line, and it rises 
toward the Equator and the interior of moun- 
tain ranges and also with increasing continental- 
ity and generally lies above the modern timber 
line and the glacial-age snow line. 
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Frost-caused earth patterns are thus sub- 
nivale earth forms and require only a periodic, 
strong, and morphologically active ground 
frost (pp. 557-562, 674). A long and severe 
winter frost can have similar effects as per- 
gelisol, i.e., can give rise to large earth pat- 
terns. Nightly frost and daily thaw throughout 
the year in the alpine zone of tropical mountains 
produce in water-bearing earths an excellent as- 
sortment of the debris into miniature patterns 
which completely lack vegetation. In latitudes 
between the polar type and the tropical type of 
ground frost there are transitional types and 
mixtures. 

Several fundamental problems concerning 
the formation of frost-caused earth forms are 
discussed (pp. 562-575, 674). The controversy 
between the convection and involution (Brodel) 
hypotheses, on the one hand, and the frost-pres- 
sure hypothesis, on the other, is not to be de- 
cided exclusively in favor of either. Frost pres- 
sure, consisting of vertical frost heave and hori- 
zontal frost shove, is of prime importance—but 
in high latitudes at least the earth can become 
so supersaturated with water from excessive 
ground-ice that it assumes the character of a 
suspension. Frequency of temperature fluctua- 
tions about the freezing-point is of prime impor- 
tance to the miniature earth patterns of low 
latitudes, while it is of subordinate importance 
in high latitudes with cold winters. 

The concept of solifluction is broadened to 
include not only earth flow over a perpetually or 
seasonally frozen substratum but also sorting of 
the debris on level ground (e.g., formation of 
stone rings) and debris movements caused by 
short-periodic or daily alternation of freezing 
and thawing of the topmost earth layers. A type 
of day-and-night solifluction is needle-ice for- 
mation. 

The forces producing the frost-caused earth 
forms include changes of temperature and of 
volume, cohesion of freezing ground water, 
gravity, and water absorption of colloidal mate- 
rials, especially clay and humus. 

Needle ice consists of dense bundles of 
needle-like ice crystals beneath the ground sur- 
face and at right angles to it (pp. 575-592, 675). 
The best descriptive name would be “brush ice” 

(Biirsteneis). The ice needles are usually cov- 
ered by a veneer of raised earth and pebbles. 
Needle ice forms by brief, usually nightly, 
frosts in fine-textured ground that is more or less 
free from vegetation and snow. If the ice is not 
melted by day but can continue to grow for 


to 
nd 
he 
on 
e- 
ds 
Be 
n- 
re 
h 

d 
e 
d 
r 


234 


nights or weeks, the ice formations of the in-’ 


dividual nights are marked by a distinct lamina- 
tion, and the ice may ultimately attain a thick- 
ness of over a foot. When needle ice forms on 
sloping ground, the raised debris will, upon 
melting of the needles, drop or roll to positions 
farther down the slope. An important type of 
erosion caused by needle ice is sod peeling 
(Rasenabschdlung), at which the ice excessively 
raises the edge of the sod, causing it to break off 
and fall apart. Therefore, needle ice carries out 
considerable morphological work; and it fre- 
quently collaborates with the wind, which re- 
moves raised particles. Needle ice is important 
in all latitudes except the polar regions and 
plays its greatest role in winter-dry subtropical 
mountains. 

Under particularly favorable ground and 
moisture conditions distinct earth patterns are 
formed locally far outside the climatic limits of 
frost-caused earth patterns (pp. 592-600, 675). 
On Oland in the Baltic beautiful miniature 
stone nets are formed in shallow (4-1 foot), 
poorly-drained earth resting on a comparatively 
impervious limestone. The limestone fills the 
role of frozen ground, considerable upfreezing of 
stones and plants takes place, and the wet, soft 
earth is highly mobile during thaws. 

In the alpine zone of tropical mountains there 
are formed strikingly regular miniature earth 
patterns caused by nightly freezing, viz., stone 
nets, stone stripes, and earth stripes (pp. 600-616, 
675). A special type of stone nets with exception- 
al assortment, with sharply segregated stone-free 
clay fields, are the cake polygons (polygonale 
Kurhenbéden). The clay cakes, which are 1-2 
inches (3—5 cm.) thick, are frozen hard nightly 
and have become raised by frost heave. They 
are so firm and compact that they frequently 
protrude slightly. The never frozen soft and 
moist substratum is slightly lower under the 
cakes than beneath the stone meshes. 

The frost-caused earth patterns in the polar 
regions, which are formed in summer-thawed 
earth above permanent frost, are mostly of 
large size (pp. 613-620, 676). Ice-wedge fissure 
polygons (tundra polygons) are sometimes gi- 
gantic. However, the large patterns sometimes 
contain small ones, and these, in turn, occasion- 
ally miniature forms. The large patterns may be 
caused by the seasonal course of freezing and 
thawing, the small and miniature ones by short- 
periodic and daily fluctuations about the freez- 
ing-point. 

The greatest variation of frost-caused earth 
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forms is to be found in the subarctic regions (pp, 
620-648, 676). In the Scandinavian mountains 
there are large patterns of the polar type, Ip 
Iceland there are large patterns in the cold ip. 
terior and miniature ones (tropical type) in the 
oceanic coastal regions, where the temperature 
frequently oscillates between frost and thay. 
Thuvur, sod-covered earth hummocks, are amor. 
phous forms which are common in Iceland and 
also have a wide distribution in subarctic and 
cold temperate regions. In the subarctic tup- 
dras of Eurasia and America, especially in their 
most continental parts, ice-wedge fissure nets 
are important features. Typical of the tundra 
are also earth islands, earth hummocks, and 
peat mounds or Palsen. In the taiga there is the 
string moor, which is a peat bog with alternate 
ridges and troughs which follow the contours of 
the gently domed moor surface. Thermo- 
karst or ground-ice karst, formed by differential 
melting of the ground-ice, is important in east- 
ern Siberia, while ice-lens knolls or spring-ice 
knolls (Aufeishiigel) are characteristic of both 
eastern Siberia and of winter-cold central Asia. 
The spring-ice knolls, which are 20-100 meters 
in diameter and 1-6 meters in height, are formed 
underground by freezing of rising spring water. 

The frost-caused earth forms and their dli- 
matic significance in the mountains of the tem- 
perate zones are little known (pp. 648-661, 677). 
Those in the southern Urals and the Riesenge- 
birge are essentially of the large type; those in 
the oceanic British Isles, of the miniature type. 
In New England there are modern miniature 
earth patterns and fossil large ones, both of 
which deserve a more thorough geologic-climatic 
study than has been accorded them. In the Alps 
are features of two classes. Below modern gla- 
ciers, where the ground is thoroughly wet, from 
2,000 meters altitude upward, there are rather 
distinct earth patterns of the large, polar type. 
In the vicinity of névé fields there is frequently 
mosaic-like earth plaster or earth mortar. Other- 
wise, miniature patterns are characteristic for 
elevations above 2,700 meters. There are also 
earth hummocks, miniature peat mounds, stone 
garlands, stone-banked terraces, turf-banked 
terraces, etc. 

Frost-induced earth patterns in subtropical 
mountains are largely of the miniature type (pp. 
661-672, 678) and are found in western Asia (the 
Toros, Caucasus, Elbruz, Pamirs, etc.), Japan, 
South Africa, and Argentina. However, those in 
the monsoon mountains of northern India, of 
Tibet, China, and Manchuria, where there are 
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heavy summer rains and severe winters, are of 
the large type. In the Drakensberg of South 
Africa the pattern formation is caused by night- 
ly freezing during the largely snow-free winters 
and in the Andes of Argentina by nightly frost 
during the snow-free summers. 

This comprehensive monograph brings the 
knowledge of frost processes and features a long 
step forward. 

Ernst ANTEVS 


“Die morphologischen Wirkungen des Eiszeit- 
klimas im gletscherfreien Gebiet.” By Ju- 
BipEL. (Geologische Rundschau, Band 
34, Heft 7/8.) Pp. 482-519. 1944. 

In opposition to old views that the land 
forms of the unglaciated areas of central Europe 
have been largely shaped by stream action ever 
since the Tertiary, Biidel argues that the low 
temperatures of the glacial ages promoted other 
powerful geomorphic processes and that the 
surficial features thus produced still dominate 
the landscape, owing to small topographic 
changes during the Postglacial (pp. 483, 515). 
The main facts and observations on which these 
opinions and conclusions are based are as fol- 
lows: 

In the mountains of central Europe there is a 
thick mantle of debris, which, even on very 
gentle slopes, contains large boulders, miles from 
their sources. Intercalated loess and frost-caused 
earth patterns, as well as overlying peat, show 
that all movement occurred during, and ceased 
with, the tundra climate of the Last Glacial. 
The debris accumulated by means of solifluc- 
tion (earth movement and sorting caused by 
alternate frost and thaw) (pp. 487, 490, 515). 

The lower altitudinal limit of modern soli- 
fluction usually lies in the scrub-forest belt, a 
little above the tall timber (p. 491). It stands at 
2,000 meters in the central Alps, 1,500 in the 
Riesengebirge, and as high as 1,000 meters in 
the continental Kebnekaise in Swedish Lapland. 
However, it drops quickly as the climate be- 
comes oceanic and is found at the sea level in 
northernmost Norway and in Iceland, where the 
ground is wet and the temperature frequently 
fluctuates about the freezing-point. 

During the glacial ages the lower limit of 
solifluction lay at sea level as far south as cen- 
tral Europe, and the solifluction deposits here 
are widespread and well preserved. They are 
also thick because of the deep summer thaw of 
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the perpetually frozen ground. In comparison, 
the postglacial and modern denudation (sur- 
ficially extensive erosion), which consists of 
needle-ice solifluction, wind erosion, and soil 
washing, is small and very shallow (p. 492). 

Also, the geomorphic activity of streams 
changed and decreased from glacial to post- 
glacial times (p. 494). The uppermost valleys in 
the mountains of central Europe have a veneer 
on their sides and in their center a thick fill 
which was once a moving solifluction stream. 
These draws were formed by corrasion and are 
of glacial age, as shown by overlying peat beds. 
Some of them have been gullied in postglacial 
time, others have not (p. 495). 

Below the junction of two or more draws, the 
unsorted solifluction deposit grades into a strati- 
fied stream deposit (p. 495). The cross section of 
the valley changes so that the sides now form a 
distinct angle with the floor, which in this sec- 
tion is wide and slightly domed in the center be- 
cause of strong lateral erosion associated with 
the large debris transportation. Again the glacial 
age of the valley is proved by peat deposits. The 
modern stream channel, which is a result of a 
modest entrenchment during the Postglacial, is 
located at the side of the valley and skips at 
regular intervals from one side to the other. 

Such nonglacigene valleys of brooks and 
small rivers can be studied to the best advan- 
tage at the foot of the Alps, where they can be 
accurately dated (pp. 496, 507). Here they start 
as solifluction draws on the glaciofluvial High 
Terrace (of Riss age) and are independent of the 
last glaciers. They are one to several kilometers 
long, a few hundred to several hundred meters 
wide, and terminate on a level with the Low 
Terrace (of Wiirm age). In the Inn region they 
are steep-walled and 40 meters deep. The entire 
valleys must have been formed during the Last 
Glacial, the Wiirm (p. 497). 

The large valley deposits required plenty of 
debris and great transporting power by the 
streams (p. 499). The material was supplied by 
cold-climate solifluction, and the transporting 
efficiency by concentrated runoff and floods 
during the snow-melting in spring, in spite of 
smaller precipitation than at present. 

The valley floor, which is domed in cross sec- 
tion, consists of a string of extended gravel fans. 
These cones occupy the entire width of the val- 
ley, originate alternately near the right and 
the left bank, and have caused the stream to shift 
from one side to the other; and they were re- 
newed downvalley during floods. The modern 
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streams are mostly entrenched in small channels 
(Pp. 500). 

On the High Terrace the upper valleys, 
which are formed by solifluction, are distinctly 
asymmetric, having a gentle (cultivated) west 
side and a steep (forested) east side (p. sor). 
The asymmetry is a consequence of differences 
in exposure which influenced the erosion during 
the Last Glacial (p. 502). The factors are be- 
lieved to have been: (a) exceptionally great 
deposition of loess and snow in the lee of the 
west bank by west winds, (b) consequent exces- 
sive solifluction on the west side, and (c) run- 
ning water. Asymmetry prevails only as far 
down the valley as solifluction was more effec- 
tive than running water (p. 504). 

The streams of the valleys originating on the 
High Terrace have accomplished practically no 
erosion during the Postglacial age (p. 507). 
Hence the activity of glacial and nongla- 
cial streams changed in the same manner 
with the transition from glacial to post- 
glacial climate. During the cold ages glacial 
streams were loaded with debris released by 
glaciers, nonglacial streams by solifluction de- 
bris; the material was transported by floods 
from melting ice and snow or from melting 
snow alone; and at the same time broad valleys 
were carved by lateral corrasion. During the 
Postglacial the debris supply was insignificant 
and the floods relatively small both within and 
outside once glaciated areas. As stated, the con- 
clusions hold for brooks and small rivers (p. 
507). 

The contrast between cold-age and warm-age 
valley formation—deposition and lateral ero- 
sion during glacials, vertical erosion during in- 
terglacials and late glacials—must have pre- 
vailed also before the Last Glacial (pp. 509, 514, 
517). In agreement herewith there are in several 
central European mountains and in the non- 
glaciated eastern Alps four nonglacigene ter- 
races corresponding to the four main glacial 
ages. The upper end of the deposits lies at the 
point where the stream leaves the mountains. 
The enormous terraced deposits in the Vienna 
basin are of this kind, being of glacial age but 
nonglacigene, for they do not start at end mo- 
raines. 

Nonglacial Pleistocene terraces, which re- 
flect the climatic history as faithfully as do gla- 
cial ones, are very important features in central 
Europe (p. 517). 
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Etudes de cryopédologie. By ANDRE CAILiepy 
(“Expéditions polaires frangaises, Missions 
Paul-Emile Victor.”) Paris: Centre de Docy. 
mentation Universitaire, 1948. Pp. 67; figs, 
59. 


Major features of frozen ground and former 
periglacial regions are described and figured in 
this outline summary of the literature. The sub- 
ject matter is organized under the following 
subjects: soil temperatures, ground frost, ice 
wedges, polygonal and striped ground, soil plica- 
tions and injections, block pavements, block 
streams, rock glaciers, debris patterns, turf 
mounds and corrugations, and mounds formed 
from ice lenses. 

L. 


“Landscape Study in South Africa.” By Lester 
C. Kino. (Anniversary Address by the 
President.) (Geol. Soc. South Africa Proc., 
vol. 50.) Johannesburg, 1947. Pp. xxiii-lii; 
pls. 2. 


The work of King in Africa emphasizes the 
importance of back-wearing processes of surface 
denudation in contrast with peneplanation by 
down-wearing as manifested in other, more 
humid, regions. Like Bryan, for the American 
Southwest, and Johnson and Howard, for the 
Rocky Mountains, King rejects for much of 
Africa the Davisian process of peneplanation, in 
favor of pedimentation on a regional scale, or 
‘Mediplanation.” It is by no means mere pedant- 
ry to insist on such a distinction; and it is not, 
as it might seem at first sight, a matter merely 
of interest to the student of geological processes. 
Not only do the commoner forms of relief in the 
African landscape cease to present a bizarre and 
exceptional picture in contrast with those of 
regions normally eroded, falling now into their 
places (equally “normal’’) in a systematic geo- 
morphic scheme; but the denudation chronology 
of much of the continent bids fair to be im- 
mensely simplified, throughout a region in 
which the denudation chronology over a period 
exceeding one hundred million years must be 
relied on almost to the exclusion of the methods 
of stratigraphy for the elucidation of the geo- 
logical history. 

Some of the points noted by King as charac- 
teristic of African pediplanation are as follows: 


The three most important features of a land- 
scape developed by pediplanation are: 
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(1) The pediment or apron sloping outwards 
from a central hill mass towards the stream chan- 
nels. This pediment is continually being regraded 
as the hill-core shrinks. 

(2) The process of slope retreat at constant, and 
usually steep, angle. The retention of this steepness 
js responsible for the abundance of scarps and steep- 
sided inselbergs in the African landscape. 

(3) The preservation, upon regions above scarps, 
of earlier erosion surfaces little modified by later 
weathering and erosion. 


He notes also “several changes of outlook” 
which “follow adoption of the pediplanation 
concept”’: 


(1) As two surfaces, one above and one below 
the intervening scarp, are inherent in the theory, 
the old ideal of progressive approximation to a 
single planed surface loses much of its force. 

(2) Maturity is postponed indefinitely, owing to 
the long survival of initial surface, and indeed it 
only briefly precedes the ultimate stage of the pedi- 
plane. 

(3) ... The retreat of slopes is at almost con- 
stant angle throughout the cycle. 

(4) Extensive alluvia are absent. 

(5) Whereas with peneplanation new cycles 
advance rapidly up the rivers and streams, and thus 
take on patterns either parallel to the main rivers 
or branching, with pedimentation as developed in 
Southern Africa, however, new cycles seem often to 
run but a short way up the rivers in advance of the 
main scarp between two cyclic surfaces. ... The 
scarp is, therefore, much straighter in plan... . 

(6) It is also probable that as an agent of wide 
planation pedimentation is much more efficient and 
rapid than peneplanation in the original sense. 
At extreme pediplanation a landscape may be ex- 
pected to reveal a multi-concavity upwards. 
Whether such a form, dominated by surface wash, 
continues to exist indefinitely, or whether the 
effects of weathering, apparent first as small con- 
vexities upon the crests of the interstream areas, 
gradually extend down the slopes to give a landscape 
of multiconvexities is yet uncertain. .. . 


The concept of down-stepping benches, or 
multicycle peneplanation, as developed in 
Africa by Dixey, recognizes erosion cycles dated 
from late Jurassic, early Cretaceous, late Creta- 
ceous, Miocene, Pliocene, and Pleistocene (two), 
and, as King notes, ‘‘each is deemed to have de- 
veloped from the one preceding by erosion fol- 
lowing uniform uplift.” Dixey would explain the 
survival of very ancient surfaces as “‘due to the 
resistance to subsequent erosion of the hard 
formations across which they were cut” (to use 
his own words); but King, on the contrary, 
finds that “areas of greater altitude generally 
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differ in no manner of such hardness from the 
lower areas encompassing them,” and this he 
regards as consistent with the back-wearing and 
opposed to the down-wearing theory of denuda- 
tion. 

He remarks also that 


the postulate that a series of erosion steps such as 
distinguishes Southern Africa is necessarily due to 
diminishing intervals between uplifts of the sub- 
continent as a whole, is also due for reconsideration 
and the examination of possible alternatives. The 
pediplanation hypothesis alone does away with the 
necessity for such a postulate. 

The concept of five or six consecutive cycles being 
represented by restricted areas of planed surfaces at 
the heads of great river systems (regardless of 
divide migration . . .) is also due for revision. 


This question is tied up with that of defor- 
mation of surfaces. “Dixey has claimed that 
many of the divides are surmounted by rem- 
nants of Cretaceous or Jurassic surfaces and are 
therefore ancient, even Mesozoic in age”; but 
King supports the views expressed earlier by 
Du Toit and Veatch that late warping of a 
“Miocene” surface has made the divides. King 
deduces with the aid of a diagram that the pres- 
ence of residuals on divides is not inconsistent 
with a theory of their comparatively recent de- 
velopment by landscape warping. Well-planed 
areas on divides (such as the Congo-Zambezi 
divide) do not support a theory that the divides 
have been fixed in position for a very long time. 

Warping is found to be more common than 
Dixey has been willing to allow, and some of the 
very high residuals are less ancient than he con- 
siders them, since they are, in reality, parts of 
younger surfaces greatly upheaved. 

Some local multiplicity of surfaces found in 
various parts of Africa is explained by King as 
“due to splitting or multiplication of nickpoints 
during upstream travel of the cycle. Such split- 
ting may be due to a variety of causes: plain 
zones of resistant rock, zones of hard rock en- 
countered in stenciling through a Karroo cover, 
later transverse warping, and so forth.” 

King has mapped “land surfaces due to ma- 
jor erosion cycles” (pl. 2), and remarks that all 
southern and central Africa may be so “par- 
celled out.’’ His comments on the lines along 
which “one cycle impinges on another”’ are best 
read with an eye on the Natal map, but may 
also be quoted here: 


The transition from one cycle to another may 
be abrupt or gentle, along a line or along a zone. 
...Sometimes the zone of transition is rough 
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and hilly, with the hills showing part of the upper 
level and the valleys joining downstream into the 
lower level. ... {A description by H. B. Maufe is 
quoted in support.] Perched drainage and river cap- 
tures are numerous near the encroachment of new 
cycles, and in some cases watersheds have migrated 
remarkably... . 

Probably at no time did a single cycle occupy 
even half of Southern Africa. To think of the whole 
countryside as planed, say in the Miocene, is prob- 
ably quite erroneous. While gaining territory in the 
heart of the continent the Miocene cycle was 
being destroyed for a considerable distance from the 
coast. The cycles, growing by pedimentation, chase 
each other from the coast or up the main drainage 
lines at fairly constant speed, and the necessary 
postulate under the peneplanation concept of di- 
minishing intervals between successive uplifts ap- 
pears not to be necessary under pediplanation. Thus, 
by co-existence, certain of the cycles can, if that is 
desired, be regarded as older than has hitherto been 
the custom. 

Even between different drainage basins under the 
same cycle there is commonly a signifieant difference 
of elevation, particularly as between Atlantic and 
Indian Ocean drainages. ... The conflict between 
cycles in contiguous areas has undoubtedly produced 
migration of divides and change of drainage catch- 
ments on a much wider scale than has hitherto 
been recorded. . .. Competition between the rivers 
of Southern Africa has been keen, and little doubt 
can exist that they themselves have changed the 
form and size of their drainage basins from time 
to time as one cycle after another swept across the 
landscape and placed each basin at advantage or 
disadvantage. 


The concept of very gradual development of 
surfaces by back-wearing of scarps makes it 
clear that the “‘actual age,” as King calls it, 
making a distinction from “comparative age, 
relative to later erosion surfaces,” applies 


only to a restricted area, and different parts of the 
same cyclic surface may have different ‘‘actual” 
ages. A cycle may be current in the interior long 
after it has terminated near the coast. I should be 
prepared to learn, for instance, of a cycle initiated 
at the coast in early Cretaceous time being of late 
Tertiary actual age in the interior... . (This is 
more or less the history of the ‘‘Miocene” or ‘“‘mid- 
Tertiary” plain in Africa.) 
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Again he remarks concerning this “Miocene! 
surface: 


It was . . . in the peripheral regions late Juraggig 
or early Cretaceous in age, extending into the ig 
terior, spreading by the process of slope retreat from 
the valley sides of entrenching streams across the 
whole interior by about the Miocene. . . . In Kaype 
rondo it was deformed even before the Miocene 
In the Congo-Angola area it bears silicified grayelg 
and sands of Oligocene age; in Bushmanland itjg 
said to bear late Cretaceous sediments. . . . In the 
opposite time-sense the same “Miocene” cycle ig 
current in some parts at the present day. 

Despite these differences of age from place to 
place, this great erosion plane, identified in all the 
territories in Central and Southern Africa, forms 
the most reliable interior datum for the discriminge 
tion of subsequent earth movements and for pur 
poses of correlation. The “late Jurassic” and “late 
Cretaceous” surfaces described by Dixey, though 
widespread, are found only as the merest remnants, 
...It was the ‘‘Miocene” surface ... which wag 
the first to sweep as a more or less single feature 
across the subcontinent. 


Quoting figures of rate of retreat of scarps 
in front of advancing pediplanes, King states; 


I have made two estimates based on different 
data for the rate of retreat of the Drakensberg; 
these were 1 foot in 160 years and 1 foot in 233 
years. For the Town Hill scarp behind Pietermaritz 
burg an estimate of retreat is 1 foot in 120 years. 


C. A. Cortoy 


Climatic Accidents in Landscape Making. By 
C. A. Corton. 2d printing. New York: John 
Wiley & Sons, Inc., 1942; printed by Whit 
combe & Tombs, Ltd., New Zealand. Pp. 
xx+354; figs. 149; pls. 58. $7.00. 


Professor Cotton’s advanced geomorphology 
dealing with landscapes in dry-climate and gla 
ciated regions is available for the first time from 
an American publisher. It was reviewed pre 
viously in the Journal, vol. 51, p. 556, 1943. 


L. 
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